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OBSERVATIONS ON THE PHARMACOKINETICS AND 
PHARMACODYNAMICS OF DEXMEDETOMIDINE 
Clinical Studies on Healthy Volunteers and Intensive Care Patients 
Department of Anaesthesiology, Intensive Care, Emergency Care and Pain Medicine, 
University of Turku and Turku University Hospital, Turku, Finland 
Department of Pharmacology, Drug Development and Therapeutics, University of 
Turku, and TYKSLAB, Unit of Clinical Pharmacology, Turku, Finland 
Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Finland, 2012 
Patients treated in intensive care units require sedation and analgesia. However, 
sedative drugs also have potential adverse effects, and there is no single ideal sedative-
analgesic drug for these patients.  
Dexmedetomidine is an 2-adrenoceptor agonist licenced for sedation of intensive care 
patients and patients undergoing surgery and other invasive procedures. Several routes 
of parenteral administration (intravenous, intramuscular, subcutaneous and intranasal) 
have been utilized. 
In the present series of studies, the pharmacokinetics and pharmacodynamics of 
intranasally administered dexmedetomidine as well as the gastrointestinal effects of 
intravenous dexmedetomidine were determined in healthy volunteers. Pharmaco-
kinetics of dexmedetomidine during long lasting, high-dose infusions were charac-
terized in intensive care patients. 
The bioavailability of intranasal dexmedetomidine was relatively good (65%), but 
interindividual variation was large. Dexmedetomidine significantly inhibited gastric 
emptying and gastrointestinal transit. In intensive care patients, the elimination half-life 
of dexmedetomidine was somewhat longer than reported for infusions of shorter 
duration and in less ill patients or healthy volunteers. Dexmedetomidine appeared to 
have linear pharmacokinetics up to the studied dose rate of 2.5 µg/kg/h. 
Dexmedetomidine clearance was decreasing with age and its volume of distribution 
was increased in hypoalbuminaemic patients, resulting in a longer elimination half-life 
and context-sensitive half-time. 
Intranasally administered dexmedetomidine was efficacious and well tolerated, making 
it appropriate for clinical situations requiring light sedation. The clinical significance of 
the gastrointestinal inhibitory effects of dexmedetomidine should be further evaluated 
in intensive care patients. The possibility of potentially altered potency and effect 
duration should be taken into account when administering dexmedetomidine to elderly 
or hypoalbuminaemic patients. 





HAVAINTOJA DEKSMEDETOMIDIININ FARMAKOKINETIIKASTA JA 
FARMAKODYNAMIIKASTA 
Kliininen tutkimus terveillä vapaaehtoisilla ja tehohoitopotilailla 
Anestesiologian, tehohoidon, ensihoidon ja kivunhoidon klinikka, Turun yliopisto ja 
Turun yliopistollinen keskussairaala, Turku 
Farmakologia, lääkekehitys ja lääkehoito, Turun yliopisto ja TYKSLAB, Kliinisen 
farmakologian yksikkö, Turku 
Annales Universitatis Turkuensis, Medica-Odontologica, Turku, 2012 
Tehohoitopotilaat tarvitsevat rauhoitusta ja kivunlievitystä. Kuitenkin rauhoittavilla 
lääkkeillä on myös haitallisia vaikutuksia, eikä yksittäistä ideaalista lääkettä näiden 
potilaiden lääkitsemiseksi ole olemassa. 
Deksmedetomidiini on tehohoito- ja toimenpidepotilaiden rauhoittamiseen rekisteröity 
2-adrenoseptoreja aktivoiva lääkeaine. Sitä on käytetty suonensisäisesti, lihaksen-
sisäisesti, ihonalaisesti ja nenän limakalvolle annosteltuna. 
Tässä tutkimussarjassa tutkittiin nenän limakalvolle annostellun deksmedetomidiinin 
farmakokinetiikkaa ja farmakodynamiikkaa sekä suonensisäisesti annostellun 
deksmedetomidiinin vaikutuksia mahalaukun ja suoliston toimintaan terveillä 
vapaaehtoisilla koehenkilöillä. Deksmedetomidiinin farmakokinetiikkaa tutkittiin 
suuriannoksisen ja pitkäkestoisen annostelun aikana tehohoitopotilailla. 
Nenän limakalvolle annostellun deksmedetomidiinin hyötyosuus oli melko hyvä 
(65%), mutta yksilöiden välinen vaihtelu oli laaja. Deksmedetomidiini hidasti maha-
suolikanavan toimintaa merkittävästi. Tehohoitopotilailla deksmedetomidiinin 
puoliintumisaika oli hieman pidempi kuin lyhytaikaisemman käytön jälkeen ja 
parempikuntoisilla potilailla tai terveillä vapaaehtoisilla. Deksmedetomidiinin 
farmakokinetiikka vaikutti lineaariselta tutkitulle annostasolle 2,5 µg/kg/h saakka. 
Deksmedetomidiinin puhdistuma oli pienentynyt ikääntyneillä potilailla ja 
jakautumistilavuus kasvanut hypoalbumineemisilla potilailla, minkä seurauksena 
eliminaatiovaiheen puoliintumisaika ja annostelun kestosta riippuva puoliaika 
pitenivät. 
Nenänsisäisesti annosteltu deksmedetomidiini oli tehokasta ja hyvin siedettyä, minkä 
vuoksi se sopii lievää rauhoittamista vaativiin tilanteisiin. Mahasuolikanavaan 
kohdistuvan vaikutuksen kliininen merkitys pitää tutkia tehohoitopotilailla. 
Annosteltaessa deksmedetomidiinia ikääntyneille tai hypoalbumineemisille potilaille 
pitää varautua vaikutuksen poikkeukselliseen voimakkuuteen ja kestoon. 
Avainsanat: deksmedetomidiini, tehohoito, farmakokinetiikka, farmakodynamiikka 
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AUC0-t  area under the plasma concentration-time curve from time zero to t 
  hours 
AUEC0-t area under effect-time curve from time zero to t hours 
BIS  bispectral index 
BMI  body mass index 
cAMP  cyclic adenosine 3,5-monophosphate 
Cl  plasma clearance 
Cldial  haemodiafiltration clearance 
Clss  plasma clearance at steady state 
Cl1  systemic clearance 
Cl2  rapid distributional clearance 
Cl3  slow distributional clearance 
Cmax  peak plasma concentration 
CO  cardiac output 
Css  concentration at steady state 
CV  coefficient of variation 
CYP  cytochrome P450 
F  bioavailability 
FiO2  fraction of inspired oxygen 
GABA  -aminobutyric acid 
GFR  glomerular filtration rate 
G-protein guanine nucleotide binding protein 
ICU  intensive care unit 
Iss  infusion rate at steady state 
ke  elimination rate constant 
MAP  mean arterial pressure 
MDAPE median absolute prediction error 
MDPE  median prediction error 
OFV  objective function value 
PaO2  partial pressure of oxygen in arterial blood 
Q  inter-compartmental clearance 
RASS  Richmond Agitation Sedation Scale 
RCO  normalized measured cardiac output 
SAPS II Simplified Acute Physiology Score II 
SE  standard error (of the mean) 
SD  standard deviation 
SpO2  arterial oxyhemoglobin saturation measured by pulse oximetry 
t1/2  elimination half-life in a one-compartment model 
t1/2α  distribution half-life in a two-compartment model 
t1/2β   elimination half-life in a two-compartment model 
tmax  time to peak concentration 
VAS  visual analogue scale 
Vss  volume of distribution at steady state 
Vz  volume of distribution during elimination 
V1  volume of the central compartment 
V2  volume of the rapid compartment 
V3  volume of the slow compartment 
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Most critically ill patients treated in the intensive care unit (ICU) receive analgesic and 
sedative agents to optimize patient comfort and safety. Benzodiazepines, propofol and 
opioids are the sedatives that have in recent years most often been used for this purpose 
(Wunsch et al. 2009, O'Connor et al. 2010). Still, the use of analgesics, sedatives and 
antipsychotics in the ICU is associated with adverse events that may prolong the length 
of stay and may be associated with patient morbidity and poor outcome (Devlin et al. 
2010). Thus, there is no single ideal sedative or analgesic drug for these patients. 
Dexmedetomidine is a selective α2–adrenoceptor agonist that has until recently been 
registered in approximately 40 countries for continuous intravenous infusion for 
sedation of initially intubated and mechanically ventilated adult intensive care patients. 
The duration and maximum dose of dexmedetomidine infusion in the ICU has been 
restricted to 24 hours and 0.7 g/kg/h, respectively (Hospira Inc 2008). However, in 
September 2011, the European Commission granted marketing authorisation for 
dexmedetomidine for sedation of adult ICU patients requiring a sedation level not 
deeper than “arousal in response to verbal stimulation” (Orion Corporation 2011b). In 
the 27 countries of the European Union, the officially accepted dose of 
dexmedetomidine was increased to 1.4 g/kg/h and the restriction of the length of 
dexmedetomidine administration was replaced with a warning telling that there is no 
experience of the use of dexmedetomidine for more than 14 days (Orion Corporation 
2011a). Additionally, dexmedetomidine has been used for procedural sedation in some 
countries. 
However, off-label use of dexmedetomidine is common. Its official use is limited to 
adults but it has been used in children as well (Su and Hammer 2011). In addition, the 
doses used and the durations of the infusions administered have exceeded the 
recommended ones markedly (Guinter and Kristeller 2010). Moreover, 
dexmedetomidine has been used, for example, in patients with non-invasive ventilation 
support (Akada et al. 2008), for sedation of spontaneously breathing children during 
radiological imaging procedures (Mason et al. 2008), and as intranasally administered 
premedication prior to anaesthesia (Yuen et al. 2008). 
As the bioavailability of dexmedetomidine after intranasal administration and the 
gastrointestinal effects of dexmedetomidine in humans were not known, it was 
regarded as important to evaluate these characteristics of dexmedetomidine. Because 
the pharmacokinetics of dexmedetomidine had previously mainly been investigated in 
healthy volunteers and in patients receiving rather short and low-dose infusions, it was 
considered relevant to study its properties in critically ill patients during and after long-
lasting, high-dose infusions. 
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2 REVIEW OF THE LITERATURE 
 
2.1 α2-Adrenoceptors 
Adrenergic receptors (adrenoceptors) mediate the central and peripheral effects of the 
primary sympathetic neurotransmitter, noradrenaline, and the primary adrenal 
medullary hormone, adrenaline, as well as several classes of drugs – mainly adrenergic 
agonists and antagonists. They are members of a large family of cell surface receptors 
that mediate their actions through interactions with regulatory guanine nucleotide 
binding proteins (G-proteins). This superfamily of receptors has about 800 members in 
humans. The rhodopsin-like receptor family is an important subgroup of the G-protein 
coupled receptors. It contains many important receptors for neurotransmitters and 
clinically used drugs, such as the muscarinic cholinergic receptors, most of the 
serotonin receptor subtypes, the dopamine receptors and the adrenoceptors 
(Fredriksson et al. 2003). The G-protein coupled receptors are transmembrane proteins 
– signalling molecules (ligands) bind to a domain located close to the outer surface of 
the cell and an intracellular domain activates a G-protein that in turn regulates a 
cascade of further signalling events and finally causes a functional effect in the target 
cell (Bockaert and Pin 1999). 
Adrenoceptors are found in nearly all peripheral tissues and on many neuronal 
populations within the central nervous system (Bylund et al. 1994). They were 
originally divided into two major types, α and β, based on their different agonist 
preferences (Ahlquist 1948). Based on both pharmacological and molecular biology 
evidence, they are now divided into three major types – α1, α2, and β – each of which is 
further subdivided into three subtypes in humans and other mammalians. (Bylund 
2005, Hieble 2007). 
The three subtypes of α2-adrenoceptors - α2A, α2B, and α2C - have distinct patterns of 
tissue distribution both in the central nervous system and in peripheral tissues. α2A-
adrenoceptors are expressed widely in the central nervous system, especially in the locus 
coeruleus and in other noradrenergic cell body regions (Scheinin et al. 1994). They are 
also expressed in most peripheral tissues, such as the spleen (Perälä et al. 1992), pancreas 
(Peterhoff et al. 2003), kidney (Perälä et al. 1992), blood vessels (Chotani et al. 2004), 
urethra (Trendelenburg et al. 1997), thrombocytes (Galitzky et al. 1990b) and fat cells 
(Galitzky et al. 1990a). α2B-adrenoceptors are located mainly in peripheral tissues, being 
perhaps most abundant in the kidney (Berkowitz et al. 1994), placenta (Muthig et al. 
2007), liver (Berkowitz et al. 1994) and smooth muscle of blood vessels (Phillips et al. 
1997). In the central nervous system, they are found only in the thalamus (Scheinin et al. 
1994). α2C-adrenoceptors are expressed mainly in the central nervous system, but their 
expression pattern is different from that of α2A-adrenoceptors (Nicholas et al. 1993, 
Review of the Literature 
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Scheinin et al. 1994). However, they can be found also in the kidney (Perälä et al. 1992), 
pancreas (Peterhoff et al. 2003), blood vessels (Chotani et al. 2004) and adrenal glands 
(Perälä et al. 1992). Examples of the physiological functions and pharmacological 
responses mediated by α2-adrenoceptors are presented in Table 1. 
Table 1. Examples of the physiological functions and pharmacological responses 
mediated by α2-adrenoceptor subtypes, as proposed from experiments with 
genetically engineered mice. 
Receptor Physiological functions and responses 
α2A Presynaptic inhibition of neurotransmitter release  
 Regulation of blood glucose and insulin homeostasis  
 Sedation and anaesthesia 
 Analgesia 
 Inhibition of epileptic seizures 
 Bradycardia and hypotension  
 Anxiety-like behaviour 
 Hypothermia  
 Decrease of intraocular pressure 
 Inhibition of gastrointestinal motility 
α2B Placental angiogenesis 
 Salt-induced hypertension 
 Vascular smooth muscle contraction 
α2C Presynaptic inhibition of catecholamine release 
 Regulation of dopamine and serotonin balance in the brain 
 Modulation of motor behaviour 
 Vascular smooth muscle contraction 
Modified from Laurila (Laurila 2011). 
 
2.2 Dexmedetomidine 
Dexmedetomidine is the dextro-rotatory S-enantiomer of medetomidine, and the drug 
is chemically described as (+)-4-(S)-[1-(2,3-dimethylphenyl)ethyl]-1H-imidazole 
monohydrochloride. Farmos-Medipolar (later merged to Orion Corporation) and the 
University of Oulu developed medetomidine in the search for an antihypertensive 
agent and consequently as a veterinary sedative drug. The active enantiomer 
dexmedetomidine was selected for clinical development in 1986. The molecular weight 
of dexmedetomidine hydrochloride is 236.7 g/mol, the empirical formula is C13H16N2  
HCl, and its structural formula is presented in Figure 1. Dexmedetomidine 
hydrochloride is a white powder that is freely soluble in water and has pKa of 7.1 
(Hospira Inc 2008, Raija Vaheri, Orion Pharma, e-mailed personal communication 
November 17th 2011). 
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Dexmedetomidine is a highly selective α2-adrenoceptor agonist with an α1:α2 
selectivity ratio of 1:1600 (Virtanen et al. 1988), and it shows no significant subtype 
selectivity (Jasper et al. 1998, Peltonen et al. 1998, Jansson et al. 1999). Thus, the 
effects of dexmedetomidine at clinically relevant concentrations are selectively 







Figure 1. The structural formula of dexmedetomidine hydrochloride. 
 
2.3 Pharmacokinetics of dexmedetomidine 
2.3.1 Absorption 
The bioavailability of dexmedetomidine has been studied after various routes of 
administration, even though only intravenous administration is officially accepted. 
After intramuscular, transdermal, buccal and peroral administration, the time to 
maximum concentration in blood is 12 – 100 min, 6 h, 1.5 h and 2.2 h, and the absolute 
bioavailability is 73 – 104 %, 88 %, 82 % and 16 %, respectively (Scheinin et al. 
1992b, Dyck et al. 1993b, Kivistö et al. 1994, Anttila et al. 2003).  
2.3.2 Distribution 
Both two- and three compartment disposition models have been used to describe the 
pharmacokinetics of dexmedetomidine (Dyck et al. 1993a, Talke et al. 1997, Venn et 
al. 2002, Lin et al. 2011). Dexmedetomidine exhibits a rapid distribution phase with a 
half-life of 6-9 min. During the elimination phase, the half-life is approximately 2-3 
hours. The volume of distribution at steady state and clearance are approximately 100-
170 l and 40-50 l/h, respectively (Karol and Maze 2000, De Wolf et al. 2001, Venn et 
al. 2002, Anttila et al. 2003). Estimates of multicompartmental pharmacokinetic 
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Table 2. Parameter sets of previous population pharmacokinetic models. 
Parameter Dyck Lin Talke Venn 
V1 (l) 7.99 63.4 16.6 44.1 
V2 (l) 13.8 41.3 85.5 104.5 
V3 (l) 187 284 - - 
Cl1 (l/min) 0.00791 x HT-
0.927 
0.47 x (HT/160 
cm)6.42 
0.751 0.82 
Cl2 (l/min) 2.26 2.43 1.37 2.26 
Cl3 (l/min) 1.99 0.086 - - 
Vss (l) 209 389 102 149 
V1, volume of the central compartment; V2, volume of the rapid compartment; V3, volume of the slow 
compartment; Cl1, systemic clearance; HT, height; Cl2, rapid distributional clearance; Cl3, slow 
distributional clearance; Vss, distribution volume at steady state;. (Dyck et al. 1993a, Talke et al. 1997, 
Venn et al. 2002, Lin et al. 2011). 
 
2.3.3 Protein binding 
The average protein binding of dexmedetomidine is 94 %, and there is no difference 
between males and females. Renal dysfunction does not have an effect on protein 
binding, but hepatic impairment slightly decreases the fraction of dexmedetomidine 
that is bound to plasma proteins. Therapeutic concentrations of fentanyl, ketorolac, 
theophylline, digoxin and lidocaine have no significant effects on the plasma protein 
binding of dexmedetomidine. In vitro studies have suggested that dexmedetomidine 
does not displace phenytoin, warfarin, ibuprofen, propranolol, theophylline or digoxin 
from plasma proteins (Karol and Maze 2000). 
2.3.4 Metabolism 
Dexmedetomidine is metabolized in the liver, and there are three types of initial 
metabolic reactions, namely conjugation (glucuronidation; Karol and Maze 2000, Ji et 
al. 2004), methylation (Salonen 1991, Hui et al. 1997), and oxidation (Orion 
Corporation 2011a). 
Direct N-glucuronidation accounts for approximately one third of dexmedetomidine 
metabolism, and these glucuronides are the main urinary and circulatory metabolites of 
dexmedetomidine. N-methyl-dexmedetomidine is produced by methylation, and it is 
further metabolized to N-methyl dexmedetomidine O-glucuronide (Karol and Maze 
2000) that is one of the major circulating products of dexmedetomidine 
biotransformation (Orion Corporation 2011a). Two minor metabolites, 3-hydroxy-
dexmedetomidine and 4-[(S)-1-(2,3-dimethylphenyl)ethyl]-1,3-dihydroimidazol-2-one 
(H-3), are formed by oxidation (Salonen 1991, Hui et al. 1997, Orion Corporation 
2011a). 3-hydroxy-dexmedetomidine is further O-glucuronidated (Hui et al. 1997, 
Karol and Maze 2000). Apart from the glucuronides, H-3 is the only metabolite present 
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in any appreciable quantity in human plasma (Karol and Maze 2000). The formation of 
the oxidised metabolites is mediated by multiple cytochrome P450 isoforms, especially 
CYP2A6, but also CYP1A2, CYP2C19, CYP2D6 and CYP2E1 (Karol and Maze 2000, 
Orion Corporation 2011a). These metabolites of dexmedetomidine have minimal 
pharmacological activity (Orion Corporation 2011a). Chiral inversion of 
dexmedetomidine to the inactive levo-enantiomer is of minimal significance in humans 
(Karol and Maze 2000). The first steps in the proposed metabolic scheme for 




















































Figure 2. The first steps in the proposed metabolic scheme for dexmedetomidine (Salonen and Eloranta 
1990, Hui et al. 1997, Karol and Maze 2000, Orion Corporation 2011a). 
 
2.3.5 Elimination 
After intravenous infusion of a small dose of radioactive dexmedetomidine, 95% of the 
radioactivity was excreted in the urine and 4% in the faeces. The N-glucuronides of 
dexmedetomine and the glucuronide of the 3-hydroxyl-N-methyl metabolite are the 
main urinary excretion products of dexmedetomidine (Karol and Maze 2000). Less 
than 1% of the administered dexmedetomidine dose is excreted unchanged in the urine, 
and 28% of the urinary metabolites are unidentified minor metabolites of 
dexmedetomidine (Orion Corporation 2011a). 
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2.3.6 Special populations 
In adults, there are no major differences based on gender or age in the pharmaco-
kinetics of dexmedetomidine (Karol and Maze 2000). Pharmacokinetics of 
dexmedetomidine are not markedly different in subjects with severe renal impairment 
as defined by a creatinine clearance less than 30 ml/min compared to healthy subjects. 
However, the sedative effect of dexmedetomidine may be prolonged in subjects with 
renal dysfunction, probably due to decreased plasma protein binding (De Wolf et al. 
2001). 
Dexmedetomidine clearance values for subjects with mild, moderate and severe liver 
dysfunction are 74%, 64% and 53% of those in healthy subjects, respectively, and the 
elimination half-life of dexmedetomidine is 3.9, 5.4 and 7.4 hours in subjects with 
mild, moderate and severe hepatic impairment, respectively. Additionally, 
dexmedetomidine plasma protein binding is significantly decreased in subjects with 
liver dysfunction. (Karol and Maze 2000). Even though dexmedetomidine is dosed to 
effect, the manufacturer recommends considering dose reduction in patients with liver 
dysfunction (Orion Corporation 2011a). 
In general, dexmedetomidine pharmacokinetics in children is quite similar to that in 
adults (Petroz et al. 2006, Diaz et al. 2007, Potts et al. 2008, Vilo et al. 2008). 
However, dexmedetomidine clearance changes with age when expressed as l/kg/h 
being smaller in children younger than 12 months and greater in children aged 1 – 4 
years (Potts et al. 2009). 
 
2.4 Pharmacokinetic interactions of dexmedetomidine 
Theoretically, dexmedetomidine would be expected to decrease the clearance of any 
drug with a high hepatic extraction ratio, as dexmedetomidine decreases cardiac output 
(Dutta et al. 2000) and therefore also liver blood flow. As dexmedetomidine is 
metabolized by several cytochrome P450 enzymes, especially CYP2A6, but also by 
CYP1A2, CYP2C19, CYP2D6 and CYP2E1 (Karol and Maze 2000, Orion 
Corporation 2011a), drugs inducing or inhibiting these enzymes may influence the 
pharmacokinetics of dexmedetomidine. 
2.5 Pharmacological effects of dexmedetomidine 
2.5.1 Sedative effect 
The locus coeruleus is an important modulator of vigilance (Aston-Jones et al. 1994), 
and it shows one of the highest densities of 2A-adrenoceptors in the brain (Scheinin 
et al. 1994). Furthermore, it has been shown that the 2A-subtype is the primary 
mediator of the sedative properties of 2-agonists (Lakhlani et al. 1997). It was 
shown in an elegant study by Nelson (Nelson et al. 2003) that endogenous sleep 
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pathways are causally involved in dexmedetomidine-induced sedation, as 
dexmedetomidine-induced sedation resulted in a gene expression pattern in the brain 
similar to that seen previously during endogenous normal non-rapid eye movement 
sleep. The observed effects were considered likely to be initiated at the 2-
adrenoceptors as they could be prevented by the selective 2-antagonist atipamezole 
and were not observed in genetically modified mice with no 2A-adrenoceptors. 
Interestingly, systemic but not local administration into the locus coeruleus of the -
aminobutyric acid receptor type A (GABAA) antagonist gabazine decreased the 
sedative potency of dexmedetomidine, suggesting that GABAA receptors may be 
involved downstream of the locus coeruleus in producing the sedative effect of 
dexmedetomidine (Nelson et al. 2003). It was recently observed in a study that 
employed positron emission tomography that the sedative effects of 
dexmedetomidine seemed to be initiated in deep brain structures and only spread to 
the cerebral cortex at higher drug concentrations (Långsjö et al. 2010). 
Dexmedetomidine induces dose-related sedative effects in humans. As the 
dexmedetomidine dose is increased, recall and recognition begin to deteriorate (Ebert 
et al. 2000). Subjects sedated with clinically relevant dexmedetomidine doses remain 
arousable and are able to communicate if disturbed (Venn et al. 1999), although 
increasing dexmedetomidine doses finally result in unarousability (Ebert et al. 2000, 
Hsu et al. 2004). In clinical settings, with recommended dosing dexmedetomidine does 
not necessarily provide patients with total hypnosis, and therefore, it is not 
recommended to use dexmedetomidine alone in patients who are also receiving 
neuromuscular blocking agents (Venn and Grounds 2001). 
Dexmedetomidine appears to be as efficacious as lorazepam (Pandharipande et al. 
2007), midazolam (Riker et al. 2009, European Medicines Agency 2011) and propofol 
(European Medicines Agency 2011). However, there are results suggesting that 
dexmedetomidine dosed up to 1.4 g/kg/h is not suitable for deep sedation as a sole 
sedative (Ruokonen et al. 2009) and that increasing the dexmedetomidine dose up to 
1.4 g/kg/h does not necessarily enhance the efficacy of sedation when compared to 
doses up to 0.7 g/kg/h (Jones et al. 2011). 
2.5.2 Analgesic effect 
The analgesic effect of 2-adrenoceptor agonists is mainly mediated via the 2A-
adrenoceptor subtype (Hunter et al. 1997, Lakhlani et al. 1997, Stone et al. 1997). In 
healthy subjects, increasing dexmedetomidine doses lead to linearly decreasing pain 
sensation and haemodynamic responses to experimental pain (Ebert et al. 2000), but 
the analgesic effect of dexmedetomidine is not as powerful as that of remifentanil 
(Cortinez et al. 2004). However, dexmedetomidine significantly reduces requirements 
for opioids after major surgery (Arain et al. 2004, Barletta et al. 2009) and during 
intensive care (Venn and Grounds 2001). Additionally, intravenous dexmedetomidine 
prolongs the duration of spinal, epidural and brachial plexus anaesthesia (Coskuner et 
al. 2007, Rutkowska et al. 2009, Kaya et al. 2010). Interestingly, there is preliminary 
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evidence suggesting that genetic variation of the 2C-adrenoceptor may affect the 
analgesic qualities of dexmedetomidine in humans (Kohli et al. 2010). 
2.5.3 Cardiovascular effects 
All subtypes of 2-adrenoceptors are present in blood vessels (Phillips et al. 1997, 
Chotani et al. 2004), and they play important roles in the regulation of the 
cardiovascular system, as they regulate vasoconstriction and inhibit noradrenaline 
release from sympathetic nerve endings (Drew and Whiting 1979, Langer 1980). 
Additionally, 2-adrenoceptor activation results in reduced sympathetic tone and 
augmentation of cardiac-vagal activity, with consequent cardiovascular effects (Muzi 
et al. 1992, Toader et al. 2009). There are as yet unconfirmed reports that certain 
genetic variants of 2A- but not 2C-adrenoceptors are associated with the hypotensive 
response to dexmedetomidine (Kurnik et al. 2008, Kurnik et al. 2011). 
In healthy volunteers, increasing plasma concentrations of dexmedetomidine result in 
decreased heart rate and cardiac output. As dexmedetomidine concentrations further 
increase, increases in central venous pressure, pulmonary capillary wedge pressure, 
mean pulmonary artery pressure, pulmonary vascular resistance, and systemic vascular 
resistance are observed. The response in the mean arterial pressure is biphasic: first, 
there is a decrease that is followed by an increase with increasing dexmedetomidine 
concentrations (Ebert et al. 2000, Snapir et al. 2006). 
After a large enough bolus dose (approximately 1 g/kg), the haemodynamic response 
is different. An initial increase of blood pressure is followed by a decrease that reaches 
its maximum approximately one hour after drug administration. Furthermore, a 
significant but transient decrease in heart rate can be observed immediately after 
dexmedetomidine administration, followed by a less pronounced decrease in heart rate 
for several hours (Kallio et al. 1989, Bloor et al. 1992). It can be reasoned that the 
initial increase in blood pressure after a large enough bolus dose is caused by an 
immediate peripherally induced vasoconstriction due to high plasma dexmedetomidine 
concentrations (Kallio et al. 1989, Bloor et al. 1992, Ebert et al. 2000) that is soon 
overridden by the centrally mediated sympatholytic effect resulting in decreased blood 
pressure. The profound decrease in heart rate during the initial hypertensive phase can 
be explained by the baroreflex, and the following milder reduction in heart rate is 
thought to be due to increased parasympathetic tone and reduction in sympathetic tone 
(Kallio et al. 1989, Bloor et al. 1992). 
In intensive care patients, decreased heart rate is common after dexmedetomidine 
administration, but the incidence of hypotension in patients receiving 
dexmedetomidine is similar to that in patients receiving midazolam, lorazepam or 
propofol (Venn and Grounds 2001, Pandharipande et al. 2007, Riker et al. 2009, 
Ruokonen et al. 2009). However, hypotension has been associated particularly with a 
loading dose of dexmedetomidine (Guinter and Kristeller 2010), although also 
hypertension has been observed after a loading dose (Venn et al. 1999). 
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In healthy subjects, dexmedetomidine reduces myocardial perfusion in parallel with 
reduced myocardial oxygen demand estimated by rate-pressure product. 
Dexmedetomidine did not appear to reduce myocardial perfusion in a dose-dependent 
manner, as the effects were similar at low (0.5 ng/ml) and high (5 ng/ml) plasma 
dexmedetomidine concentrations. Importantly, the attenuated myocardial perfusion did 
not result in myocardial ischaemia in healthy volunteers as assessed by ECG and 
echocardiography (Snapir et al. 2006). 
2.5.4 Cerebral vascular effects 
Dexmedetomidine reduces cerebral blood flow both in animals and in humans 
(Karlsson et al. 1990, Zornow et al. 1990, Prielipp et al. 2002). However, in some 
animal studies, the cerebral metabolic rate has been unchanged (Karlsson et al. 1990, 
Zornow et al. 1990). This would be deleterious in patients with on-going neurologic 
injuries, even though dexmedetomidine has also been shown to have neuroprotective 
qualities (Ma et al. 2004). A recent study in healthy volunteers, however, reported that 
both cerebral blood flow and cerebral metabolic rate were decreased by 
dexmedetomidine in a dose-related manner, preserving the coupling of cerebral blood 
flow and cerebral metabolic rate (Drummond et al. 2008). It is not known whether this 
result is valid also in patients with neurological injuries, even though a small study 
employing brain tissue oxygen partial pressure measurement in surgical patients with 
neurovascular injuries suggests it (Drummond and Sturaitis 2010). However, the 
manufacturer of dexmedetomidine strongly recommends considering the potentially 
deleterious effect of dexmedetomidine when treating patients with severe neurological 
disorders (Orion Corporation 2011a). 
2.5.5 Respiratory effects 
In healthy volunteers, even very high dexmedetomidine doses (measured mean plasma 
dexmedetomidine concentration of 14.7 ng/ml) do not impair arterial oxygenation. 
Still, small decreases in blood pH and gradual increases in arterial carbon dioxide 
levels and respiratory rate follow administration of dexmedetomidine in increasing 
doses (Ebert et al. 2000). The lack of clinically significant adverse effects on 
respiration has been confirmed in further studies in healthy volunteers (Hsu et al. 2004) 
and patients (Venn et al. 2000, Venn et al. 2002, Martin et al. 2003, Cooper et al. 
2011). 
It has been expected that the lack of respiratory depressant effects of dexmedetomidine 
would shorten the time needed for mechanical ventilation. The time to extubation has 
been shorter in intensive care patients treated with dexmedetomidine than in those 
treated with midazolam (Riker et al. 2009, European Medicines Agency 2011), but no 
difference has been observed in the number of ventilator-free days when compared 
with lorazepam (Pandharipande et al. 2007) and in the time needed for mechanical 
ventilation when compared with propofol (European Medicines Agency 2011). 
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2.5.6 Sympatholytic and cardioprotective effects 
Surgery and intensive care procedures cause stress responses that may be harmful to 
the patient (Desborough 2000). Dexmedetomidine has potent sympatholytic effects as 
judged with reduced plasma adrenaline and noradrenaline concentrations in healthy 
volunteers (Kallio et al. 1989, Bloor et al. 1992, Ebert et al. 2000) and surgical patients 
(Scheinin et al. 1992a, Jalonen et al. 1997). 
2-adrenoceptor agonists (dexmedetomidine, clonidine and mivazerol) were reported 
to reduce mortality and myocardial ischaemia after major surgery in a Cochrane review 
(Wijeysundera et al. 2009). The effects of 2-agonists varied with the type of surgery, 
and the most encouraging results were achieved in vascular surgery, where 2-agonists 
reduced mortality, cardiac mortality, and myocardial infarctions. Since the three 
included drugs have somewhat different selectivity for 2-adrenoceptors, it is possible 
that their risk-benefit profiles are not identical. Dexmedetomidine had been used in 11 
of the 31 included studies, but no clear differences between the studied drugs could be 
detected (Wijeysundera et al. 2009). 
A recent meta-analysis of randomized controlled trials documented that 
dexmedetomidine is associated with a statistically insignificant trend towards improved 
cardiac outcome in non-cardiac surgery. However, the authors emphasized that the 
limitations of the meta-analysis may have prevented the detection of a possible 
cardioprotective effect (Biccard et al. 2008). 
2.5.7 Gastrointestinal effects 
Generally, 2-agonists have inhibitory effects on gastric emptying and motility (Fülöp 
et al. 2005). When 2-agonists are used as premedication, decreased salivary flow is 
one of the advantages, although it can be classified as an adverse effect in other 
circumstances (Karhuvaara et al. 1991). Previous reports have suggested that 
dexmedetomidine inhibits gastric emptying and gastrointestinal transit in rats (Asai et 
al. 1997a, Asai et al. 1998). In a previous study, dexmedetomidine did not significantly 
inhibit gastric emptying compared with propofol in intensive care patients (Memis et 
al. 2006).  
2.5.8 Miscellaneous effects 
As an imidazole compound, dexmedetomidine has the potential to have inhibitory 
effects on cortisol synthesis similar to etomidate. It has been shown in dogs that the 
cortisol response to adrenocorticotrophic hormone is blunted three hours after a 
dexmedetomidine bolus of 80 g/kg (Maze et al. 1991). However, hypocortisolism has 
not been an issue after clinically relevant dexmedetomidine doses in healthy 
volunteers, surgical patients or patients needing post-operative intensive care (Kallio et 
al. 1989, Aho et al. 1992, Venn et al. 2001). 
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2A-adrenoceptors are involved in the regulation of blood glucose homeostasis, and 
dexmedetomidine lowers insulin and elevates glucose levels in mice (Fagerholm et al. 
2004). It has been shown that there is a tendency for low insulin concentration in post-
operative intensive care patients (Venn et al. 2001) and hyperglycemia in intensive 
care patients after dexmedetomidine administration (Riker et al. 2009). However, both 
hyperglycemia and hypoglycemia are mentioned as common ( 1/100 to < 1/10) 
adverse reactions in the summary of product characteristics of dexmedetomidine 
(Orion Corporation 2011a). 
Clonidine has traditionally been used to treat postoperative shivering (Kranke et al. 
2002). Dexmedetomidine seems to have the same anti-shivering property, as it has 
decreased the incidence of shivering after general and spinal anaesthesia (Elvan et al. 
2008, Usta et al. 2011) and been used to treat shivering during therapeutic hypothermia 
(Choi et al. 2011). As suggested by the commonly known effects of 2-agonists, also 
dexmedetomidine decreases intraocular pressure during ophthalmic surgery under local 
anaesthesia (Abdalla et al. 2006). 
It has been shown in mice that clonidine and dexmedetomidine protect against contrast 
medium-induced nephropathy by preserving outer medullary renal blood flow as 
quantified using laser-Doppler flow probes (Billings et al. 2008). Additionally, 
dexmedetomidine inhibits vasopressin secretion, causing water diuresis in 
anaesthetized dogs, which might be beneficial during ischemic events (Villela et al. 
2005). The increasing effect of dexmedetomidine on urinary output has been observed 
in thoracotomy (Frumento et al. 2006) and heart surgery patients (Leino et al. 2011), 
but no clear clinical renal benefit has been shown. 
 
2.6 Therapeutic uses of dexmedetomidine 
Dexmedetomidine has been indicated for sedation lasting up to 24 hours of initially 
intubated and mechanically ventilated adult intensive care patients and in some 
countries for sedation of non-intubated adult patients prior to and/or during surgical 
and other procedures. The package insert for those marketing authorisations stated that 
it is recommended to initiate dexmedetomidine infusions at 1 g/kg over 10 minutes 
followed by maintenance infusions of 0.2 to 0.7 g/kg/h for intensive care sedation and 
at 1 g/kg over 10 minutes followed by maintenance infusions of 0.2 to 1 g/kg/h for 
procedural sedation (Hospira Inc 2008). 
The use of dexmedetomidine in non-intubated patients requiring sedation for surgical 
or other procedures has included, for example, laryngeal surgery (Jense et al. 2008), 
awake fiberoptic intubation (Tsai et al. 2010), dental procedures (Ustun et al. 2006), 
ophthalmologic procedures (Ayoglu et al. 2007), and carotid endarterectomy 
(McCutcheon et al. 2006). 
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In addition to its use for officially approved indications, off-label use of 
dexmedetomidine has been common. Both the doses and the durations of 
dexmedetomidine infusions have exceeded the official ones markedly (Guinter and 
Kristeller 2010). Indeed, the European Commission has granted in September 2011 
centralised marketing authorisation for dexmedetomidine indicated for sedation of 
adult ICU patients (Orion Corporation 2011b) allowing dexmedetomidine dose rates of 
0.2 – 1.4 g/kg/h. However, no loading dose is recommended in the European 
marketing authorisation, because no loading dose was given in the active comparator 
studies referred to in the registration process (European Medicines Agency 2011). The 
duration of administration has not been restricted in these 27 European Union 
countries, but it is emphasized that there is no experience of the use of 
dexmedetomidine for more than 14 days and that eventual use for longer periods than 
that should be regularly reassessed (Orion Corporation 2011a). 
Dexmedetomidine has been used in paediatric intensive care patients as well. The 
dosing has exceeded the official limits in the same manner as in adults: 
dexmedetomidine has been infused to children for several days (Carroll et al. 2008, 
Bejian et al. 2009) with doses more than three-fold compared to the recommended 
ones (Carroll et al. 2008), and the youngest patients being only 1 day old (Bejian et al. 
2009). However, based on the available very limited published information, 
dexmedetomidine has seemed to be safe in children (Carroll et al. 2008, Vilo et al. 
2008, Bejian et al. 2009). 
Since α2-agonists have many theoretically favourable effects, feasibility of 
dexmedetomidine as an anaesthetic adjunct has also been studied. Promising results 
have been seen in neurosurgical operations requiring intraoperative active patient 
participation (awake craniotomy) (Mack et al. 2004), cardiac surgery (Jalonen et al. 
1997), and bariatric surgery (Tufanogullari et al. 2008). 
Dexmedetomidine has been used in various groups of spontaneously breathing patients 
in the ICU. Dexmedetomidine infusions have been shown to provide effective sedation 
during noninvasive ventilation support and to lead to an increased rate of success 
(Akada et al. 2008). It seems to cause less delirium than benzodiazepines 
(Pandharipande et al. 2007, Riker et al. 2009), and it has successfully been used in 
treating delirium and agitation in non-intubated intensive care patients at our institution 
(Juha Perttilä, personal communication November 29th 2011). Additionally, it has 
been used in treating iatrogenic opioid abstinence symptoms in critically ill patients 
(Honey et al. 2009) and alcohol withdrawal symptoms (Stern et al. 2010). 
Dexmedetomidine has been proposed to be used in the treatment of delirium at the end 
of life and terminal sedation (Prommer 2010), in addition to the management of 
refractory pain in palliative care settings (Coyne et al. 2010). 
The favourable safety profile of dexmedetomidine, especially the lack of respiratory 
depression, has enabled its use in radiological imaging procedures in children. To reach 
the desired level of sedation, dexmedetomidine has been infused to children in high 
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doses. There are dosing schemes that allow radiology nurses to give repeated bolus 
doses of 3 g/kg over three 10 min periods to achieve Ramsey Sedation Scores of 4 
and then start a continuous infusion of 2 g/kg/h (Mason et al. 2010). Even though 
these high doses are associated with moderate decreases in heart rate and moderate 
changes in blood pressure, they have not been associated with adverse sequelae 
(Mason et al. 2008). 
Intranasal dexmedetomidine has been shown to be a useful alternative for oral 
midazolam as premedication in children (Yuen et al. 2008, Talon et al. 2009) and a 
promising sedative in dental surgery (Cheung et al. 2011). The onset of sedation after 
intranasal administration has been reported to occur at 45 min in healthy volunteers 
(Yuen et al. 2007) and at 25 min in children (Yuen et al. 2010). Additionally, oral and 
buccal dexmedetomidine have been used successfully for premedication of surgical 
patients (Zub et al. 2005, Sakurai et al. 2010). 
Positive experiences in the treatment of pain with clonidine have inspired physicians to 
assess the analgesic effects of dexmedetomidine. Systemically administered 
dexmedetomidine does not provide sufficient pain control as a sole analgesic agent, but 
through synergistic mechanisms, it plays a part in multimodal analgesia and with it 
opioid consumption and their adverse effects may be reduced (Lin et al. 2009). There 
are conflicting results on the neurotoxicity of dexmedetomidine (Brummett et al. 2008, 
Konakci et al. 2008, Brummett et al. 2009), but there are promising reports on the use 
of dexmedetomidine as an adjunct in intrathecal (Kanazi et al. 2006), epidural 
(Elhakim et al. 2010), caudal (El-Hennawy et al. 2009), and perineural (Esmaoglu et 
al. 2010) anaesthesia. Additionally, dexmedetomidine has been administered intra-
articularly (Al-Metwalli et al. 2008) and as an adjunct of intravenous regional 
anaesthesia (Memis et al. 2004). 
 
2.7 Adverse effects of dexmedetomidine 
The adverse effects of dexmedetomidine are predictable from the commonly known 
effects of 2-adrenoceptor agonists. According to the most recent information provided 
by the manufacturer of dexmedetomidine, the most frequently reported adverse events 
are hypotension, hypertension and bradycardia, occurring in 25%, 15% and 13% of 
patients, respectively (Orion Corporation 2011a). Bradycardia has been commonly 
associated with dexmedetomidine in double-blind randomized studies in intensive care 
patients, but patients on dexmedetomidine sedation have not had more often 
hypotension than those sedated with midazolam or lorazepam (Pandharipande et al. 
2007, Riker et al. 2009). In a recent study (Ruokonen et al. 2009), there was no 
difference in the incidence of hypotension between patients receiving 
dexmedetomidine and those receiving standard care (propofol or midazolam). The 
effect of dexmedetomidine dose on the incidence of hypotension is not clear, as there 
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are conflicting reports (Devabhakthuni et al. 2011, Jones et al. 2011). Hypertension has 
often been associated with loading doses of dexmedetomidine (Venn et al. 1999). 
In the pooled data of clinical trials in intensive care, consisting of 3137 randomized 
patients, bradycardia, hypotension and hypertension are ranked as very common ( 
1/10) and hyperglycaemia, hypoglycaemia, agitation, myocardial ischaemia or 
infarction, tachycardia, nausea, vomiting, dry mouth, withdrawal syndrome and 
hyperthermia are ranked as common ( 1/100 to <1/10) adverse effects (Orion 
Corporation 2011a). 
 
2.8 Population pharmacokinetic analysis 
In traditional pharmacokinetic studies, the study subjects are usually healthy volunteers 
or patients selected by using complex inclusion and exclusion criteria. However, 
patients are not a homogenous group, and results derived from studies performed in 
highly selected subpopulations are not necessarily valid in real-life patients, as many 
features like body weight, kidney and liver function, circulatory status, and presence of 
other therapies and illnesses can affect the dose-concentration relationship. Therefore, 
it has been considered appropriate to develop means to explain variation on the basis of 
differing biological characteristics (Wright 1998, U.S. Department of Health and 
Human Services 1999). 
Classically, pharmacokinetic parameters like clearance and half-life are determined 
after extensive blood sampling from each study subject, and these individual structural 
parameters are subsequently treated as variables and summarized using statistical 
estimates, such as the sample mean and standard deviation (Wright 1998). The major 
problem of this approach is that it does not consider separately the two major sources 
of population variability – intraindividual variability and interindividual variability. 
Intraindividual variability is caused by imprecision of the employed methods or actual 
biological variability in the individual himself. In turn, interindividual variability 
results partly from predictable differences between individuals, based e.g. on factors 
such as age and body weight (fixed effects). Even after considering all known 
covariates, some variability still exists. This remaining unexplained variability between 
individuals is called random effects. Thus, a sophisticated statistical analysis method 
called non-linear mixed-effect modelling is used to separate these fixed and random 
effects and to reveal the sources and explanations of population variability (Heeremans 
et al. 2010). 
A remarkable benefit of the population pharmacokinetic approach is that it can be used 
in studies where only a few blood samples are drawn from each subject at different 
time points, because the process does not require that each individual in the study 
provides sufficient data to completely characterize his pharmacokinetic profile, as the 
analysis methods allow borrowing of information between individuals to fill in the 
gaps. This makes population pharmacokinetics especially well suited for phases 3 and 
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4 of clinical drug development and for vulnerable populations like children in whom it 
is not possible to collect large numbers of samples (U.S. Department of Health and 
Human Services 1999, Heeremans et al. 2010, Duffull et al. 2011). Therefore, 
population pharmacokinetics has become practically synonymous with the design, 
execution and analysis of pharmacokinetic studies involving sparse data, even if the 
same analysis techniques can equally well be applied to data obtained from a 
conventional pharmacokinetic study (Aarons 1991). 
The complexity of the employed statistical analysis is a major disadvantage of 
population pharmacokinetics. Still, population-based modelling is now considered by 
many as superior to older, more traditional modelling methods (Heeremans et al. 
2010). 
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3 AIMS OF THE STUDY 
 
The general objectives of the present studies were to determine the bioavailability of 
dexmedetomidine after intranasal administration, to critically evaluate the 
gastrointestinal effects of dexmedetomidine, and to characterize the pharmacokinetics 
of dexmedetomidine in critically ill intensive care patients. 
 
The specific objectives of the studies were: 
1. To compare the pharmacokinetics and pharmacodynamics of dexmedetomidine in 
healthy volunteers after intranasal and intravenous administration and to determine 
the optimal timing of intranasal administration (Study I). 
2. To characterize the effects of dexmedetomidine on gastrointestinal motility in 
healthy volunteers (Study II). 
3. To characterize the pharmacokinetics of long-lasting dexmedetomidine infusions 
in intensive care patients and to assess the dose linearity and safety of doses higher 
than those advised by the manufacturer at the time of the study (0.7 – 2.5 g/kg/h) 
(Studies III and V). 
4. To explore the effects of patient factors on the pharmacokinetics of 
dexmedetomidine in doses higher than those advised by the manufacturer at the 
time of the study (0.7 – 2.5 g/kg/h) in intensive care patients using population 
pharmacokinetic methods (Study IV). 
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4 MATERIALS AND METHODS 
 
4.1 Subjects 
Altogether 19 healthy volunteers and 34 intensive care patients participated in Studies 
I-II and III–IV, respectively. Study V is a case report presenting a single patient 
included in Study IV. The number of subjects and their demographics are presented in 
Table 3. The characteristics of the intensive care patients are presented in more detail 
in Table 4. 
Table 3. Characteristics of study subjects in Studies I–IV. 
 Type of subjects Sex M/F Age (years) Weight (kg) BMI (kg/m2) 
I Healthy volunteers 7 / 0 21 (19-25) 83 (60-86) 25 (20-27) 
II Healthy volunteers 12 / 0 21 (20-26) 77 (61-85) 23 (20-25) 
III ICU patients 8 / 5 57 (18-82) 85 (56-120) 29 (21-38) 
IV ICU patients 16 / 5 60 (22-85) 85 (53-120) 28 (20-37) 
M, male; F, female; BMI, body mass index; ICU, intensive care unit; data are given as number or median 
(range). 
 
4.1.1 Studies I and II 
Healthy, non-smoking male volunteers were recruited via internet advertisements 
directed to university students. After reading the announcement, subjects interested in 
participating in the study contacted the investigator by e-mail and received more 
information about the study. If they were still willing to participate in the study, they 
were invited to a personal visit. 
During the preliminary visit, volunteers were first informed about the study protocol in 
detail. Then, after informed consent, they were ascertained to be in good health through 
medical history, clinical examination including auscultation of the lungs and the heart, 
measurement of blood pressure and palpation of the abdomen, and laboratory tests 
(haemoglobin, haematocrit, red blood cell count, white blood cell count, platelets, 
creatinine, urea, bilirubin, 12-lead electrocardiogram). Additionally, in Study II, a urine 
test for drugs with addiction potential was performed and the risk to develop opioid 
addiction was assessed using the Abuse Questions (Table 5 (Michna et al. 2004)). The 
inclusion and exclusion criteria are presented in Tables 6 and 7. 
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1 75 80 48 40 79 1.1 Yes 
2 69 90 68 11 179 1.1 Yes 
3 50 120 38 8 186 1.1 Yes 
4 18 56 34 14 45 2.7 Yes 
5 59 85 39 < 5 163 1.1 Yes 
6 53 90 40 109 112 1.1 No 
7 82 60 47 10 175 3.6 Yes 
8 77 60 47 5 44 2.5 Yes 
9 74 85 73 91 156 1.8 Yes 
10 42 105 42 17 97 1.3 Yes 
11 57 110 55 - - 1.5 Yes 
12 56 80 29 12 77 4.9 Yes 
13 35 100 22 15 72 0.9 Yes 
 Mean 57.4 86.2 44.8 15.5* 103* 1.6*  







1 67 75 38 20 68 0.6 Yes 
2 73 78 37 11 39 2.3 No 
3 35 70 46 8 46 2.6 Yes 
4 42 89 57 16 126 14.5 No 
5 60 88 78 122 270 10.4 Yes 
6 37 53 24 11 27 14.7 Yes 
7 49 90 33 11 43 2.9 Yes 
8 81 88 42 13 236 2.9 Yes 
9 54 63 43 11 90 5.4 Yes 
10 72 82 53 30 100 1.3 Yes 
11 85 89 45 5 217 0.8 Yes 
12 63 90 57 46 309 0.9 Yes 
13 58 75 20 < 5 93 0.9 Yes 
14 65 87 29 5 167 1.5 Yes 
15 54 70 39 < 5 52 5.7 Yes 
16 22 95 26 7 63 1.3 Yes 
17 62 85 46 13 54 0.6 Yes 
18 48 120 44 < 5 48 4.5 No 
19 77 80 48 19 175 7.8 Yes 
20 79 87 50 6 70 1.1 Yes 
21 52 70 38 8 45 0.6 Yes 
 Mean 58.8 82.1 42.5 10.5* 86.7* 2.3*  
 CV (%) 28.0 16.6 30.6 122 81.6 144  
Bilirubin and creatinine values refer to the highest value (mol/l) during dexmedetomidine infusion. The 
variable day refers to the day dexmedetomidine infusion was commenced after ICU admission. 
Vasopressors indicate if the patient received vasoactive drugs prior to dexmedetomidine infusion. 
Bilirubin values < 5 were treated as equal to 2.5. SAPS II, Simplified Acute Physiology Score (Le Gall et al. 
1993); CV, coefficient of variation; * geometric mean.  
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Table 5. Abuse Questions (Michna et al. 2004). 
1. Is there a history of alcohol or substance abuse in your family, even 
among your grandparents, aunts, or uncles? 
2. Have you ever had a problem with drugs or alcohol or attended an 
Alcoholics Anonymous or Narcotics Anonymous meetings? 
3. Have you ever had any legal problems or been charged with driving 
while intoxicated or driving under the influence? 
The participants of Studies I and II were instructed to refrain from the use of any drugs 
known to cause enzyme induction or inhibition for a period of 30 days, any drugs or 
natural products (including grapefruit products) for at least 14 days and alcohol and 
caffeine-containing products for at least 24 hours prior to the study. Paracetamol and 
ibuprofen could be used to treat an occasional headache or other similar condition in 
Studies I and II, respectively. 
In Study II, the following additional restrictions were employed: the subjects were not 
allowed to eat foods rich in fibre or long-chain carbohydrates (such as rye bread, 
porridge, other full grain products, pasta, vegetables, fruits, berries) on the day before 
each study session, eating and physical exercise were not allowed for 12 hours, water 
intake for four hours and sleeping for an hour before the session start. 
 
4.1.2 Studies III and IV 
Studies III and IV were conducted in the 24-bed mixed intensive care unit of Turku 
University Hospital from October 2007 until February 2009. All patients admitted to 
the ICU were considered for enrolment, but no other active recruitment procedures 
were used. The patients admitted into the ICU were evaluated preliminarily, and if they 
seemed eligible for the study, informed consent was sought from the study subject 
candidate’s legal representative and then study screening procedures were performed. 
All study subjects for whom informed consent was received and who fulfilled all 
inclusion criteria but none of the exclusion criteria (Tables 6 and 7) were entered into 
the study. 
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Table 6. The inclusion criteria of Studies I–IV. 
Study I Study II 
Age  18 years and weight  60 kg Age  18 years and weight  60 kg 
Male gender Male gender 
Fluency in the Finnish language Normal cognitive function and fluency in 
the Finnish language 
Written informed consent from the 
subject 
Written informed consent from the 
subject 
Study III Study IV 
Age  18 years Age  18 years 
Sedated and ventilated in ICU; sedation 
is expected to be clinically required for 
at least 24 hours 
Need for dexmedetomidine sedation, as 
determined by the responsible physician 
 
Prescribed light to moderate sedation 
(RASS = 0 to -3) 
Predicted length of dexmedetomidine 
sedation  48 hours 
Written informed consent from the 
patient’s legal representative 
Written informed consent from the 
patient’s legal representative 
ICU, intensive care unit; RASS, Richmond Agitation Sedation Scale (Sessler et al. 2002). 
 
Table 7. The exclusion criteria of Studies I–IV. 
Common exclusion criteria of Studies I and II 
Previous history of intolerance to the study drug or related compounds and additives 
Existing or recent significant disease 
History of haematological, endocrine, metabolic or gastrointestinal disease 
History of asthma or any kind of drug allergy 
Special diet or lifestyle factors which would compromise the conditions of the study 
or the interpretation of the results 
Donation of blood within six weeks prior to and during the study 
BMI > 30 kg/m2
Previous or present alcoholism, drug abuse, or psychological or other emotional 
problems that are likely to invalidate informed consent, or limit the ability of the 
subject to comply with the protocol requirements 
Participation in any other clinical study involving investigational or marketed drug 
products concomitantly or within one month prior to the entry into this study 
Smoking during one month before the start of the study or during the study period 
Clinically significant abnormal findings in physical examination, ECG or laboratory 
screening 
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Further exclusion criteria in Study I Further exclusion in Study II 
Concomitant drug therapy of any kind 
except paracetamol in the 14 days prior 
to the study days 
Concomitant drug therapy of any kind 
except ibuprofen in the 14 days prior to 
the study days 
  
A positive test result in urine for drugs of 
abuse 
  
A “yes” answer to any of the questions 
in a modified Finnish version of the 
Abuse Questions 
Exclusion criteria in Study III 
Acute severe intracranial or spinal neurological disorder due to vascular causes, 
infection, intracranial expansion or injury 
Uncompensated acute circulatory failure at screening (severe hypotension with MAP 
< 55 mmHg despite therapy with vasopressor and inotrope) 
Heart rate < 50 beats/min for longer than 5 min between screening and start of study 
treatment 
Atrioventricular conduction block II-III (unless pacemaker installed) 
Severe hepatic impairment (e.g. bilirubin > 101 μmol/l) 
Need for continuous muscle relaxation 
Any condition which would significantly interfere with the collection of study data 
Burn injuries or other conditions requiring repetitive anaesthesia or surgery 
Use of centrally acting α2–adrenoceptor agonists or -antagonists within 24 hours 
prior to starting the study 
Known allergy to dexmedetomidine or any excipient of the study treatment 
Patients who have or are expected to have treatment withdrawn or withheld due to 
poor prognosis 
Patients receiving sedation for therapeutic indications rather than to tolerate the 
ventilator (e.g. epilepsy) 
Patients unlikely to require continuous sedation during mechanical ventilation (e.g. 
Guillain-Barré syndrome) 
Patients who are unlikely to be weaned from mechanical ventilation 
Positive pregnancy test or currently lactating 
Received any investigational drug within the preceding 30 days 
Concurrent participation in any other interventional study  
Previous participation in this study 
Any other condition which, in the investigator’s opinion, would make it detrimental 
for the subject to participate in the study 
Exclusion criteria in Study IV 
Previous history of intolerance to the study drug or related compounds and additives 
Existing significant haematological, endocrine, metabolic or gastrointestinal disease 
MAP, mean arterial pressure; BMI, body mass index. 
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4.2 Study designs 
4.2.1 Study I 
Study I had a two-period, cross-over design with balanced randomization. As a proof-
of-concept study, it was decided that at least six subjects had to undergo two evaluable 
treatment periods for study completion. Initially, eight subjects were recruited to the 
study. Six of the eight subjects were allocated into the study group and two remained in 
reserve to replace subjects in case of a common cold or other condition jeopardizing 
the reliability of the results after intranasal administration of dexmedetomidine or 
withdrawal of an individual for some reason. Indeed, one subject informed in the 
morning of the second study day that he had caught a common cold. Therefore, a 
reserve subject replaced him in that study session. Once the subject with the flu had 
recovered, a third study session was arranged for him and the replacing subject. 
Consequently, seven subjects participated in both treatment periods. Intranasal 
administration of dexmedetomidine failed in one subject because of a handling error of 
the nasal application device. This study subject was excluded from the analysis. Thus, 
seven study subjects participated in the study but only six subjects successfully 
completed the study and were included in the analyses. 
A venous catheter was inserted into a large forearm vein for administration of 
dexmedetomidine and other drugs potentially needed to treat adverse events. An 
arterial catheter was inserted into the radial artery for blood sampling and blood 
pressure monitoring. ECG, invasive blood pressure and peripheral arteriolar oxygen 
saturation (SpO2) were monitored continuously for safety purposes. The study subjects 
were given dexmedetomidine once intravenously and once intranasally in a 
randomized order. 
Pharmacokinetic parameters were calculated after the two routes of administration. Heart 
rate, systolic and diastolic blood pressure, and adrenaline and noradrenaline 
concentrations in plasma were measured to assess the sympatholytic effects of 
dexmedetomidine. The Maddox wing test (Hannington-Kiff 1970) was used to measure 
the effect of dexmedetomidine on the coordination of the extraocular muscles, and the 
Bispectral Index (BIS) was used to monitor the level of sedation (Sigl and Chamoun 
1994). Subjective effects were recorded with horizontal visual analogue scales (VAS) 
(Bond and Lader 1974). Additionally, the local tolerability of intranasally administered 
dexmedetomidine was assessed with VAS and by inspection of the nasal mucosa. 
4.2.2 Study II 
Study II had a three-period cross-over design with balanced randomization. On the 
basis of previous studies (Memis et al. 2006), it was calculated that 10 subjects would 
be required to demonstrate a 30% difference in paracetamol AUC0–90 min between the 
placebo and dexmedetomidine phases at a level of significance of p = 0.05 and power 
of 80%. In the study of Memis et al., the mean value for paracetamol AUC0 – 120 min in 
the control group was 895 min mg/l with a standard deviation of 500 min mg/l. For 
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calculation of the sample size, it was assumed that the standard deviation of the 
difference between the phases would be equal to the mean value of the difference. 
Hence, 12 healthy volunteers were enrolled in the study after written informed consent. 
The 12 subjects were given dexmedetomidine, morphine and placebo in a randomized 
order. The wash-out period between consecutive administrations was at least seven 
days. A venous catheter was inserted into a large forearm vein for study drug 
administration and another into an antecubital vein in the opposite extremity for blood 
sampling. ECG, non-invasive blood pressure and arteriolar oxygen saturation (SpO2) 
were monitored for safety purposes. 
After running the infusions for 30 min, the subjects were given orally 1 g of paracetamol 
(Panadol Forte tablet, GlaxoSmithKline Consumer Healthcare A/S, Copenhagen, 
Denmark) with 100 ml of tap water (25 °C) and 10 g of lactulose in solution (Laktulos 
Merck NM 667 mg/ml, Merck NM AB, Stockholm, Sweden) with 50 ml of tap water. 
Gastric emptying and gastrointestinal transit were assessed after the three different 
treatments by using the paracetamol absorption test (Heading et al. 1973) and the 
hydrogen breath test (Read et al. 1985, Eisenmann et al. 2008), respectively. 
4.2.3 Studies III and IV 
Studies III and IV had an open-label design with no comparator. On empirical grounds, 
it was planned to recruit 12 - 20 patients so that at least six of the patients would have a 
minimum duration of five days of dexmedetomidine infusion, and 25 – 30 patients to 
obtain a sufficient number of blood samples for the analysis in Studies III and IV, 
respectively. 
The patients were cannulated and monitored according to the routine care of the ICU. 
Blood samples were drawn for pharmacokinetic analysis. In Study III, the depth of 
sedation was assessed once daily, and adverse events, heart rate, blood pressure, ECG 
and laboratory parameters were used as safety and tolerability variables. In Study IV, 
all available information including age, body mass, height, cardiac index, possible 
ventilator therapy and routine laboratory parameters were considered to be used as 
covariates. Heart rate and blood pressure were recorded to assess the 
pharmacodynamic effects of dexmedetomidine. 
 
4.3 Dexmedetomidine, morphine and placebo dosing 
Drug dosing in Studies I – IV is summarized in Table 8. In Study I, a more 
concentrated veterinary formulation of dexmedetomidine (dexmedetomidine hydro-
chloride 500 g/ml) was used for intranasal administration in order to keep the volume 
of the aerosol dose small enough. The intranasal aerosol dose was administered using a 
nasal spray application system (Spray Pump VP7/100S, 0.1 ml/dose, Valois Pharma, 
Le Vaudreuil, France) – one 0.1 ml dose into each nostril. 
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Table 8. Drug dosing in Studies I - IV 
Study  Dexmedetomidine Comparator(s) 
I An intranasal dose of 84 g of 
dexmedetomidine using a nasal 
spray application system 
 
An intravenous dose of 84 g of 
dexmedetomidine over 10 min 
II An intravenous loading dose of 
1 g/kg of dexmedetomidine over 
20 min followed by an infusion of 
0.7 g/kg/h for 190 min 
 
A. 0.10 mg/kg of morphine infused 
intravenously over 20 minutes, 
followed by a placebo (0.9 % 
saline) infusion for 190 min 
 
B. Placebo (0.9 % saline) infused 
intravenously in the same manner 
as the active drugs 
 
III A constant-rate intravenous 
infusion for 12 hours followed 
by an infusion of 0.1 – 2.5 
μg/kg/h using predefined dose 
levels to maintain sedation in 
range 0 to -3 using the RASS for 
a maximum of 14 days 
 
Not used 
IV An intravenous loading dose of 0.5 
- 1 g/kg  over 10 min followed by 
an infusion of 0.1–2.5 g/kg/h on 
the basis of clinical need for as 
long as the responsible physician 
deemed necessary 
Not used 
RASS, Richmond Agitation-Sedation Scale (Sessler et al. 2002). In Study III, the rate of the constant rate 
infusion was determined by the pre-study dose of propofol or midazolam. 
In Study III, the rate of the 12-hour constant rate dexmedetomidine infusion was 
determined by the pre-study dose of propofol or midazolam as follows: a dose of 0.1, 
0.2, 0.45 or 0.7 μg/kg/h of dexmedetomidine was considered to be equivalent to <0.3, 
0.3-0.79, 0.8-1.59 and >1.6 mg/kg/h of propofol or <0.03, 0.03-0.06, 0.06-0.09 and 
>0.09 mg/kg/h of midazolam, respectively. Downward titration was allowed in case of 
excessive sedation or an adverse event. After the first 12 h, the infusion rate of 
dexmedetomidine was titrated as needed between a minimum of 0.1 and a maximum of 
2.5 μg/kg/h by titrating the dose stepwise upwards or downwards to maintain sedation 
in the range of 0 to -3 using the Richmond Agitation-Sedation Scale RASS (Sessler et 
al. 2002). Only predefined dose levels of 0.1, 0.2, 0.45, 0.7, 0.95, 1.2, 1.4, 1.7, 2.1 and 
2.5 μg/kg/h of dexmedetomidine were used.  
Materials and Methods 
 35
4.4 Concomitant treatments 
In Studies I and II, there were no concomitant treatments. In Studies III and IV, all 
concomitant treatments were recorded. In Study III, propofol or midazolam, and in 
Study IV, propofol, midazolam, lorazepam or haloperidol were given if required as 
rescue therapy to maintain sedation at the desired level. Otherwise, the patients 
received standard care of the unit, which included, for example, administration of 
oxycodone, fentanyl or remifentanil for pain relief. 
 
4.5 Blood sampling 
Blood sampling for pharmacokinetic assessment in Studies I–IV is presented in Table 
9. Additionally in Study III, blood samples were collected for safety assessment on 
days 2, 4, 6, 9 and 14. These included complete blood count, glucose, urea, creatinine, 
albumin, alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl 
transferase, alkaline phosphatase, bilirubin, lactate dehydrogenase, troponin T, total 
protein, triglycerides, total cholesterol, sodium, potassium, calcium, chloride and 
cortisol. In Study IV, all results of routine laboratory tests could be used as covariates. 
Table 9. Blood sampling for pharmacokinetic assessment in Studies I–IV. 
Study Sampling schedule 
I Immediately prior to dexmedetomidine administration and thereafter at 5, 
10, 15, 20, 30 and 45 min and 1, 1.5, 2, 3, 4, 5, 6, 8 and 10 h. 
 
II Immediately prior to paracetamol administration and thereafter at 10, 20, 
30, 40, 50, 60, 70, 80 min and 1.5, 1.75, 2, 2.25, 2.5, 2.75, 3, 3.5 and 4 h. 
 
III Immediately prior to dexmedetomidine administration and thereafter at 
0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8 and 12 h. Subsequently, three times a day in 
the morning, afternoon and evening, and immediately before stopping 
dexmedetomidine infusion and thereafter at 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 9, 
12, 15, 18, 24, 36 and 48 h. 
 
In case of haemodiafiltration, immediately before commencement of the 
treatment followed by concomitant samples from the afferent and efferent 
limbs of the filter circuit at 2, 4, 6 and 8 h. 
 
IV Immediately prior to dexmedetomidine administration and thereafter at 5, 
7.5, 10, 15, 20, 30, 45, 60, 90 and 120 min. Subsequently, three times daily 
at 6 - 10 hour intervals. 
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4.6 Analysis of drug and catecholamine concentrations in plasma 
4.6.1 Dexmedetomidine and its H-3 metabolite 
Concentrations of dexmedetomidine and its H-3 metabolite in plasma were measured 
at the Department of Pharmacology, Drug Development and Therapeutics, University 
of Turku and Unit of Clinical Pharmacology, TYKSLAB, Turku, Finland. The 
reference compound in the drug concentration analysis was dexmedetomidine HCl and 
the internal standard was deuterated medetomidine, 2H6-medetomidine HCl, both 
provided by Orion Pharma (Espoo, Finland). Sample preparation was performed using 
solid phase extraction. Aliquots of 0.10 ml of ethylenediaminetetraacetic acid plasma 
were mixed with 0.85 ml of 0.1 % formic acid in water and 50 l of internal standard 
solution and extracted with Sep-Pak Vac 1cc (100 mg) tC18 cartridges (Waters 
Corporation, Milford, MA, USA). 
The employed analysis method for dexmedetomidine was based on a previously 
described procedure (Ji et al. 2004, Snapir et al. 2006). Isocratic high-performance 
liquid chromatography separation was performed with a Phenomenex Gemini C18 150 
x 2.0 mm (5 m) column (Torrance, CA, USA) and a mobile phase consisting of 
methanol and 0.1 % formic acid in water (140:80) at 28 oC. In Studies I and III, the 
mobile phase also contained acetonitrile, but this was later omitted as unnecessary. 
Mass spectrometric detection was carried out with an Applied Biosystems API 4000 
triple-quadrupole instrument (AB SCIEX, Foster City, CA, USA), using positive ion 
spray ionisation and multiple reaction monitoring. The precursor ion – fragment ion 
pairs detected were m/z 201.1 – 95.0 for dexmedetomidine and m/z 206.2 – 95.1 for the 
internal standard. In one of the studies (III), also a minor pharmacologically inactive 
metabolite of dexmedetomidine, H-3, was quantitated. This was performed in the same 
analysis runs with the parent compound. Deuterated H-3 was used as an additional 
internal standard for this purpose (Orion Pharma). Quantitation was based on peak area 
ratios of the analyte(s) and the internal standard(s). Data collection and analysis were 
done with Applied Biosystems Analyst 1.4.1 software. 
The assay was validated and found to be linear over a concentration range from 0.020 
to 10.0 ng/ml. Within-run precision was assessed using six determinations per 
dexmedetomidine concentration at four concentration levels, 0.020, 0.060, 0.90 and 8.0 
ng/ml, and was found to be acceptable (the coefficient of variation was 9.5 % at 0.020 
ng/ml and 1-3 % at the other levels). The between-batch precision was also evaluated 
at the same concentration levels. The coefficient of variation was less than 8 % at all 
concentration levels. 
4.6.2 Paracetamol 
The plasma paracetamol concentrations were analyzed at the Department of Clinical 
Pharmacology, University of Helsinki and Helsinki University Central Hospital, 
Helsinki, Finland, by using reversed-phase high-performance liquid chromatography 
(Pufal et al. 2000). The lower limit of plasma paracetamol quantitation was 0.1 mg/l. 
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4.6.3 Adrenaline and noradrenaline 
Concentrations of adrenaline and noradrenaline in plasma were measured at the 
Department of Pharmacology, Drug Development and Therapeutics, University of 
Turku and Unit of Clinical Pharmacology, TYKSLAB, Turku, Finland, by using high-
performance liquid chromatography and coulometric electrochemical detection 
(Scheinin et al. 1991). The lower limit of quantitation was 0.1 nmol/l and the intra- and 
inter-assay coefficients of variation were less than 10 % in the relevant concentration 
range. 
 
4.7 Pharmacokinetic analysis 
4.7.1 Noncompartmental pharmacokinetic analysis 
In Studies I – III and V, the peak dexmedetomidine, H-3 or paracetamol concentrations 
in plasma (Cmax) and the corresponding time points (tmax) were directly observed from 
the data. Consecutive values less than the lower limit of quantitation were treated in the 
subsequent statistical analysis as follows: The first value was treated as equal to 0.5 
times the lower limit of quantitation, and the following values were treated as equal to 
zero. Areas under the dexmedetomidine plasma concentration–time curves with 
extrapolation to infinity (AUC0-∞) and areas under the paracetamol plasma 
concentration–time curves from 0 to 90 min (AUC0 – 90 min) were estimated by using the 
trapezoidal rule. In patients lacking data during the 48 hour follow-up period after 
stopping dexmedetomidine infusion in Study III, AUC0-∞ was estimated by using the 
mean ke value of the other subjects as follows: AUC0-∞ = AUC0-last + last measured 
concentration / mean ke. The linear trapezoidal rule was used when successive 
concentration values were increasing and the logarithmic trapezoidal rule was used 
when successive concentration values were decreasing after the peak concentration. 
For each subject, the terminal log-linear phase of plasma drug concentration-time curve 
for post-infusion data was identified visually and an elimination rate constant (ke) was 
determined by regression analysis. The elimination half-life (t1/2) was calculated from 
the equation t1/2 = ln 2 / ke. Plasma clearance (Cl) and volume of distribution during 
elimination (Vz) or during steady-state (Vss) were calculated by the use of standard 
non-compartmental methods based on statistical moment theory. During the continuous 
dexmedetomidine infusion, dexmedetomidine clearance at steady state, Clss was 
repetitively estimated from Clss = Iss / Css, where Iss = infusion rate at steady-state and 
Css = concentration at steady-state. It was estimated that steady state was reached after 
a constant infusion of 15 hours, which clearly exceeds the 3.3 half-lives generally 
assumed to be necessary for reaching steady state during dexmedetomidine infusions 
(Karol and Maze 2000, Rowland and Tozer 2011). The bioavailability of intranasally 
administered dexmedetomidine (F) was calculated as follows: F = AUC0-∞ intranasal / 
AUC0-∞ intravenous. 
Materials and Methods 
 38
The haemodiafiltration clearance was calculated as follows: 
Cldial (ml/min) = Qp  (Ap-Vp)/Ap, where Qp is the plasma flow (ml/min) and Ap and Vp 
are concentrations of dexmedetomidine in arterial plasma entering and venous plasma 
leaving the dialyser. Qp was calculated as follows: Qp = Qb  (1-Hct), where Qb is blood 
flow and Hct is the haematocrit value (%). 
The pharmacokinetic data were analyzed with WinNonlin 4.1 and WinNonlin 5.0.1 
Professional pharmacokinetic programs (Pharsight, Mountain View, CA, USA) in 
Studies I-II and Study III, respectively. 
4.7.2 Population pharmacokinetic analysis 
In Study IV, the time courses of the dexmedetomidine concentrations were analyzed by 
using a linear mamillary model with two or three compartments, using non-linear 
mixed effect modeling (NONMEM 7.1.2, ICON Development Solutions, Ellicott City, 
MD, USA). The pharmacokinetic models were parameterized using elimination and 
inter-compartmental (distributional) clearances and volumes of distribution. The inter-
individual variability of the pharmacokinetic parameters was modeled by exponential 
random effects: i
η
POPi eθθ  , where θi is the parameter value in the ith subject,  
θPOP is the population value of this parameter, and η is a random variable with  
a mean of zero and a variance of ωi
2. The residual intra-individual variance  
was modelled by using a combined proportional and additive error model: 
21 ijijPijPijmij ccc   , where cmij is the jth measured concentration in the ith 
subject, cpij is the corresponding predicted value, and ε1 and ε2 are random variables 
with means of zero and variances of σ1
2 and σ2
2. The first order conditional estimates 
algorithm with η-ε interaction was used. 
 
4.8 Pharmacodynamic assessment 
4.8.1 Sedative effects 
In Study I, the Maddox wing test was used to measure the effect of dexmedetomidine 
on the coordination of the extraocular muscles (Hannington-Kiff 1970), and the 
Bispectral Index (BIS) was used to monitor the level of sedation (Sigl and Chamoun 
1994). Subjective effects were recorded with 100-mm horizontal visual analogue scales 
(VAS) with opposite qualities at each end (no effect of the drug/very strong effect of 
the drug, excellent performance/poor performance, alert/drowsy) (Bond and Lader 
1974). For each variable, the area under the response-time curve (AUEC) was 
determined by using the trapezoidal rule in fractions of 0 to 0.5 and 0 to 3 hours. In 
Study III, the level of sedation was assessed with the Richmond Agitation-Sedation 
Scale RASS (Sessler et al. 2002). 
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4.8.2 Haemodynamic effects 
In Studies I and IV, heart rate and systolic and diastolic blood pressure were measured 
to assess the haemodynamic effects of dexmedetomidine. In Study I, AUEC was 
determined by using the trapezoidal rule in fractions of 0 to 0.5, and 0 to 10 hours. In 
Study IV, haemodynamic data were averaged over periods of 6 minutes resulting in a 
time resolution of 0.1 hour. The mean (standard deviation) and the maximum relative 
increase and decrease for each variable in individual patients were determined during 
the 24 first hours of dexmedetomidine infusion. 
4.8.3 Sympatholytic effects 
In Study I, adrenaline and noradrenaline concentrations in plasma were measured to 
assess the sympatholytic effects of dexmedetomidine. For adrenaline and noradrenaline 
concentrations, the area under the concentration-time curve (AUC) was determined by 
using the trapezoidal rule in fractions of 0 to 0.5 and 0 to 3 hours. 
4.8.4 Gastrointestinal effects 
4.8.4.1 Gastric emptying 
Paracetamol is not absorbed from the stomach but is rapidly absorbed from the small 
intestine. Consequently, the rate of gastric emptying determines the rate of absorption 
of orally administered paracetamol (Heading et al. 1973). The subjects were given 
orally 1.0 g of paracetamol (Panadol Forte, GlaxoSmithKline Consumer Healthcare 
A/S, Copenhagen, Denmark) with 100 ml of tap water (25 °C) at t = 0 min. Venous 
blood samples were collected as indicated in Table 9 to determine plasma paracetamol 
concentrations. Gastric emptying was assessed by the rate of paracetamol absorption 
by using the time to peak plasma concentration, the peak plasma concentration and the 
area under the plasma concentration-time curve. 
4.8.4.2 Oro-caecal transit time 
Hydrogen is produced and exhaled when colonic bacteria ferment lactulose, an 
unabsorbable disaccharide. The time between ingestion of lactulose and an increase in 
exhaled hydrogen represents the oro-caecal transit time (Read et al. 1985, Eisenmann 
et al. 2008). The subjects were given per os 10 g of lactulose (Laktulos Merck NM 
667 mg/ml, Merck NM AB, Stockholm, Sweden) with 50 ml of tap water. The 
hydrogen concentration in exhaled air was measured with a hand-held device 
developed for this purpose (Gastro+ Gastrolyzer, Bedfont Scientific Ltd, Rochester, 
Kent, UK) immediately before administration of lactulose (baseline) and thereafter at 
15 min intervals, and the time between lactulose intake and the first occurrence of a 
sustained increase in exhaled hydrogen concentrations (i.e. an increase of > 10 ppm 
above baseline in at least three consecutive measurements) was taken as a measure of 
the oro-caecal transit time. 
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4.9 Assessment of safety and tolerability 
4.9.1 Systemic effects in healthy volunteers 
In Studies I and II, the well-being of the study subjects was continuously monitored 
throughout the study sessions. Possible objective or subjective adverse events as well 
as concomitant treatments used to treat them were recorded in the case report forms. 
4.9.2 Local tolerability of intranasal dexmedetomidine 
The tolerability of intranasally administered dexmedetomidine was assessed with 
visual analogue scales by the study subjects and by visual inspection of the nasal 
mucosa by the investigator immediately prior to administration (baseline) and 
thereafter at 1, 5 and 10 h. Subjective effects (no irritation/strong irritation, no 
obstruction/total obstruction, no numbness/total numbness, no rhinorrhea/strong 
rhinorrhea) were recorded by using VAS as described above. In the visual inspection 
by the investigator, possible local mucosal irritation, inflammation, bleeding and 
ulcerations were recorded. For each VAS value, AUEC was determined for 10 hours 
by using the trapezoidal rule. 
4.9.3 Prolonged administration of high-dose dexmedetomidine in critically ill 
patients 
In Study III, adverse events, heart rate, mean arterial blood pressure (MAP), 12-lead 
ECG, continuous ECG and safety laboratory assessments were used as safety and 
tolerability variables. Adverse events and serious adverse events were defined as 
suggested by the European Medicines Agency (European Medicines Agency 1995). In 
addition to clinically significant changes in vital signs, sustained MAP lower than 50 
mmHg or higher than 125 mmHg and heart rate lower than 50 bpm or higher than 120 
bpm (provided change in heart rate was ≥ 10%) were reported as adverse events. 
Cardiac rhythm, including arrhythmias and atrioventricular blocks, was followed 
continuously and recorded daily. Any clinically significant new abnormalities since the 
last report were reported as adverse events. In addition, any changes indicative of 
myocardial ischaemia were reported as adverse events. 
Blood samples were collected for complete blood count, glucose, urea, creatinine, 
albumin, alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl 
transferase, alkaline phosphatase, bilirubin, lactate dehydrogenase, troponin T, total 
protein, triglycerides, total cholesterol, sodium, potassium, calcium, chloride and 
cortisol. Changes in the laboratory parameters resulting to a new diagnosis or a change 
in the treatment were considered to be clinically significant and were reported as 
adverse events. In addition, elevated troponin T indicative of myocardial ischaemia, 
liver enzymes > 5 times upper limit of normal and bilirubin > 5 times upper limit of 
normal were reported as adverse events. 
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4.10 Statistical analysis 
4.10.1 General 
The results are expressed as median (range), mean (coefficient of variation (%)) or 
geometric mean (coefficient of variation (%)), depending on the distribution of the 
parameter. In studies with comparators, Wilcoxon’s signed rank test and Friedman’s 
test followed by pairwise comparisons with Dunn’s test with adjustment for multiple 
comparisons were used to compare the two or three phases, respectively. Differences 
were regarded as significant at p < 0.05 except in Study IV, where a more conservative 
significance level of p < 0.01 was used to consider multiple testing in assessing the 
goodness of fit of the population pharmacokinetic model. 
Relationships of dexmedetomidine clearance and plasma creatinine, and the total 
dexmedetomidine dose and the dexmedetomidine AUC0-∞ were evaluated by using 
linear regression. Evaluation of the effects of infusion duration and infusion rate on 
dexmedetomidine clearance was done by using analysis of covariance. The effect of 
baseline patient factors on the pharmacokinetics of dexmedetomidine was tabulated by 
using descriptive statistics and analysed by patient factor. Continuous patient factors 
were dichotomised in descriptive tabulations using median as a cut-point. These patient 
factors included gender, age, Simplified Acute Physiology Score (SAPS II, (Le Gall et 
al. 1993)) at screening, and baseline heart rate, blood pressure, creatinine and 
creatinine clearance calculated using the Cockcroft-Gault formula (Cockcroft and 
Gault 1976). An analysis of variance model (for categorical factors) and analysis of co-
variance (for continuous factors) were used to assess statistical significance. In these 
analyses, no multiplicity adjustments were done. 
The data were analysed by using statistical programs PASW Statistics 18.0 for Mac 
(SPSS Inc, Chicago, IL, USA); R (R Development Core Team (2010), R: A Language 
and Environment for Statistical Computing. R Foundation for Statistical Computing, 
Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org); SAS 9.2 (SAS 
Institute Inc, Cary, NC, USA); and NONMEM 7.1.2 (ICON Development Solutions, 
Ellicott City, MD, USA) in Study I, II, III and IV, respectively. 
4.10.2 Goodness of fit of the population pharmacokinetic model 
Goodness of fit was judged by residual plots, by the objective 
function value (OFV) which is minimized in the fitting procedure, 
and by the median prediction errors, MDPE = median{PEij} and 
MDAPE = median{|PEij|}, where PEij is the prediction error. 
Statistical comparison of the two models was performed by using the difference of the 
objective function value (ΔOFV). In order to consider multiple testing, a more 
conservative significance level of p < 0.01 corresponding to ΔOFV > 6.6 for one 
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4.10.3 Covariate analysis 
In Study IV, the effects of subject age, sex, body mass, height, body mass index and 
lean body mass on dexmedetomidine pharmacokinetics were evaluated. Additionally, 
the effects of cardiac output, plasma bilirubin and albumin concentrations, PaO2/FiO2 
and renal replacement therapy were investigated. Renal function was assessed by 
estimating the glomerular filtration rate (GFR) from plasma creatinine concentrations, 
using the Cockcroft-Gault formula (Cockcroft and Gault 1976). 
First, the model was estimated without any covariates. The individual Bayesian 
estimates of the model parameters were plotted against the covariates and assessed for 
a covariate influence using linear regression. Covariates with an effect on a model 
parameter were then included step by step in the model, by using a linear relationship 









 ,  
where θ̂  is the value of the parameter θ in the “average” patient with a covariate value 
equal to the median value COVmedian of the studied individuals. COVi denotes the 
individual value of the covariate and θcov is the covariate parameter that quantifies the 
magnitude of the covariate effect. For those covariates with multiple measurements 
within a subject (albumin concentration, GFR, PaO2/FiO2, cardiac output, plasma 
bilirubin) each measurement was used in the modeling assuming a stepwise change, 
i.e. that the value remained constant between two measurements. A covariate effect 
was assumed to be significant if the OFV was significantly improved, and if the 95 % 
confidence interval of θcov did not include zero. After the full model with all covariate 
effects was developed, each covariate effect was tested again for significance by fixing 
the corresponding parameter θcov = 0. 
4.10.4 Validation and simulations of the population pharmacokinetic model 
For model validation and for obtaining nonparametric 95 % confidence intervals of the 
model parameters, bootstrap analysis with 1000 replicates (by subject with 
replacement) was performed. To illustrate the covariate effects, the time for a 50 % 
concentration decrement after the termination of the continuous drug infusion (context-
sensitive half-time (Hughes et al. 1992)) was estimated for fictive subjects having 
different covariate values, based on the 25%, 50% and 75% quartiles of the covariate 
distributions within the study population. In order to compare the results with those of 
previous studies, the context-sensitive half-time was further estimated for a typical 
subject of this study population (age 60 years, albumin concentration 14 g/l, height 174 
cm) using pharmacokinetic models of dexmedetomidine reported in the literature 
(Dyck et al. 1993a, Talke et al. 1997, Venn et al. 2002, Lin et al. 2011). 
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4.11 Study monitoring 
Studies I and II underwent limited external monitoring by a qualified representative of 
Turku Clinical Research Centre. In study III, there was an external monitor of the 
sponsor of the study who ensured that the study complied with good clinical practice 
guidelines and applicable regulatory requirements. Additionally, the monitor verified 
that the protocol was followed in all aspects and that data were recorded accurately. In 







5.1 Dexmedetomidine pharmacokinetics in healthy volunteers 
The median (range) plasma concentrations of dexmedetomidine after intranasal and 
intravenous administration are shown in Figure 3, and the calculated pharmacokinetic 
parameters are shown in Table 10. The values of Cmax were 0.34 (0.23-0.70) and 3.48 
(2.70-3.72) ng/ml after intranasal and intravenous administration, respectively. The 
median value for tmax was 38 (15-60) min after intranasal administration. The 
corresponding values for t½ were 114 (107-151) and 115 (99-145) min and for 
dexmedetomidine AUC0-∞ 74.1 (45.7-114.4) and 123.6 (92.2-138.4) min·ng/ml. The 
number of subjects having dexmedetomidine concentrations below the lower limit of 
quantitation was one at 8 h and five at 10 h following intravenous dexmedetomidine. 
Following intranasal dexmedetomidine, the corresponding numbers were two at 8 h 
and four at 10 h, respectively. Dexmedetomidine concentrations could be quantitated in 
all other samples drawn after the administration of dexmedetomidine. The median 
absolute bioavailability of intranasal dexmedetomidine was 65 %, although the 




Figure 3. Dexmedetomidine concentrations in plasma (median (range)) after administration of 84 μg of 
dexmedetomidine intravenously (closed circles) or intranasally (open circles) to six healthy male 




Table 10. Pharmacokinetic parameters after 84 μg of dexmedetomidine administered 
intravenously and intranasally in six healthy male volunteers. 
Subject No 1 2 3 4 5 6 Median Range 
Intravenous administration      
BMI (kg/m2) 22.8 24.8 26.5 25.9 25.9 19.6 25.3 19.6 - 26.5 
Cmax (ng/ml) 3.26 3.72 3.69 2.70 3.36 3.60 3.48 2.70 - 3.72 
t½ (min) 103 126 131 145 99 104 115 99 - 145 
AUC0-∞ 
(ng min/ml) 
129 136 138 110 92.2 118 124 92.2 - 138 
Extrapolated AUC (%) 3.5 5.7 3.2 8.0 6.0 2.7 4.6 2.7 - 8.0 
Cl (l/h) 39.0 37.2 36.4 45.7 54.7 42.7 40.9 36.4 - 54.7 
Vss (l) 73.2 87.2 86.1 120 94.7 80.1 86.6 73.2 - 120 
Intranasal administration      
Cmax (ng/ml) 0.23 0.28 0.70 0.37 0.31 0.46 0.34 0.23 - 0.70 
tmax (min) 15 60 60 45 30 20 38 15 - 60 
t½ (min) 109 151 118 109 107 141 114 107 - 151 
AUC0-∞ 
(ng min/ml) 
45.7 71.8 114 76.3 56.7 110 74.1 45.7 - 114 
Extrapolated AUC (%) 10.6 7.2 3.5 5.4 8.9 10.6 8.1 3.5 - 10.6 
F (%) 35.3 53 82.6 69.2 61.5 93.3 65.4 35.3 - 93.3 
BMI, body mass index; Cmax, peak plasma concentration; t½, elimination half-life; AUC0-∞, area under 
dexmedetomidine plasma concentration–time curve; Extrapolated AUC, fraction of AUC extrapolated; Cl, 
plasma clearance; Vss, steady-state volume of distribution; tmax, time corresponding to Cmax; F, 
bioavailability. 
 
5.2 Dexmedetomidine pharmacokinetics in intensive care patients 
A total of 13 and 21 intensive care patients were screened and included in Studies III 







Figure 4. Measured dexmedetomidine concentrations in 34 intensive care patients (main figure), and 
concentration profiles during the initial 12-hour constant rate infusion (n = 13) and the 48-hour follow-up 
after stopping the infusion (n = 10, inset). During the constant rate phase, the infusion rate was 0.7 
g/kg/h in all but one patient, who received dexmedetomidine 0.1 g/kg/h (dashed line). 
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5.2.1  Noncompartmental pharmacokinetics 
In Study III, the observed dexmedetomidine concentrations varied widely between the 
13 patients. The values of the pharmacokinetic variables are shown in Table 11. The 
geometric mean value of dexmedetomidine clearance was 39.7 l/h (40.9%). In the 10 
patients with complete data sets, the geometric mean values for t½, Cl and Vz during 
the elimination phase were 3.7 h (38.1%), 41.4 l/h (46.7%) and 223.3 l (35.3%), 
respectively. 
There were altogether 116 steady-state concentrations in 12 subjects (Figure 5). Fifteen 
of the steady-state concentrations were reached during an infusion rate of 0.1 µg/kg/h, 
one during an infusion rate of 0.4 µg/kg/h, three during an infusion rate of 0.7 µg/kg/h, 
one during an infusion rate of 2.1 µg/kg/h, and 96 during an infusion rate of 2.5 
µg/kg/h. The geometric mean value for Clss was 53.1 l/h (CV 54.8 %, range 8.4 to 115 
l/h). There was a statistically significant relationship between dexmedetomidine Clss 
and the duration of the infusion (p = 0.0007) and infusion rate (p < 0.0001) in 
univariate analysis. In multivariate analysis, where both the duration of the infusion 
and infusion rate were included in the model, only infusion rate was statistically 
significantly correlated with dexmedetomidine Clss (p < 0.001). The interaction 
between the duration of the infusion and the infusion rate was not statistically 
significant. In Study V, the dose rate of dexmedetomidine remained constant for 
relatively long periods of time during three separate intervals. The calculated clearance 
was 55 l/h, 92 l/h and 87 l/h during the 2nd to 6th, 14th to 20th and 21st to 23rd day of 
the dexmedetomidine infusion, respectively. 
 
 
Figure 5. Dexmedetomidine clearance at 116 steady-states defined by a 15-hour constant rate infusion in 
12 subjects. Open triangles, open circles and closed circles indicate infusion rate of 0.1, 0.4 – 2.1 and 2.5 
g/kg/h, respectively. Each line represents one patient. In two patients, only one steady-state was 






























































































































































































































































































































































































































































































































































































































































































































































































































AUC0-∞ of dexmedetomidine plotted 
against the total cumulative dose is shown 
in Figure 6. There was a statistically 
significant linear relationship (r2 = 0.95; p 
< 0.001) between AUC0-∞ and cumulative 
dose of dexmedetomidine. 
Dexmedetomidine Cl was higher (p = 
0.006) in patients with low baseline SAPS 
II scores (< 42) compared to subjects with 
high scores (≥ 42). The corresponding 
values for geometric mean Cl were 57.6 
l/h (24.7%) and 33.2 l/h (43.5%), 
respectively. In subjects with low baseline 
SAPS II scores (< 42), dexmedetomidine 
t1/2 (h) was shorter (p = 0.036) compared to subjects with higher baseline SAPS II 
scores (≥ 42), with geometric mean values being 2.9 h (CV 39.9%) and 4.4 h (27.6%), 
respectively. Dexmedetomidine Cl and creatinine clearance showed a linear correlation 
at baseline (p = 0.026). Other patient factors did not significantly affect clearance. 
5.2.2 Multicompartmental analysis 
In Study IV, a total of 534 blood samples were drawn from 21 ICU patients for 
determination of dexmedetomidine concentrations. The geometric mean of the infusion 
duration was 101 (CV 77%) hours, dexmedetomidine dose 1.14 (39%) g/kg/h and 
maximum dexmedetomidine dose 1.62 (39%) g/kg/h. A two-compartment model was 
adequate to describe the pharmacokinetics of dexmedetomidine. A three-compartment 
model yielded only a slightly better fit (ΔOFV = 12.3, p = 0.015) with large standard 
errors and large inter-individual variances.  
5.2.2.1 Covariate effects 
The covariates of patient body weight, 
height, body mass index, lean body mass 
and sex had no significant effects on 
dexmedetomidine pharmacokinetics. Only 
eight patients had sufficient data for the 
assessment of the effect of cardiac output 
(CO) on the model. As dexmedetomidine 
itself reduces CO (Dutta et al. 2000), the 
normalized measured cardiac output 
RCO = CO/CObaseline 
was plotted against the corresponding 
measured dexmedetomidine concentra-
Figure 6. Relationship of the total dexmede-
tomidine dose and the area under the dexmede-
tomidine concentration-time curve extrapolated to
infinity (AUC). The dashed lines represent the 95%
confidence intervals for the regression line (solid
line). Dex, dexmedetomidine. 
Figure 7. Baseline-normalized relative cardiac
output (baseline = 1) vs. measured dexmedetomi-
dine concentration. The solid black line shows the
prediction of the sigmoid model, fitted to the data. 
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tion (Figure 7), and a sigmoid function was fitted to the data by population analysis: 
 
 
For those patients without CO measurements, estimates of RCO were calculated for 
each measured dexmedetomidine concentration using this formula. Dexmedetomidine 
clearance significantly decreased with decreasing RCO, and a nonlinear relationship 
described best the cardiac output effect on clearance:  
5θRCOlĈCl   
(ΔOFV = 142.9, p < 0.0001). 
Dexmedetomidine clearance decreased with age (Figure 8, ΔOFV = 6.9, p = 0.009), 
whereas the other parameters did not show significant age effects. Dexmedetomidine 
clearance also decreased slightly with decreasing GFR. However, age and GFR are 
strongly intercorrelated as the formula used to estimate GFR includes age. Therefore, 
only age but not GFR were used as a covariate for clearance. 
The volume of distribution at steady state, VSS, showed a significant increase with 
decreasing albumin concentrations (Figure 8, ΔOFV = 9.7, p = 0.002), whereas the 
other parameters did not show significant albumin effects. Vss also increased with 
decreasing PaO2/FiO2, but as the albumin concentration and PaO2/FiO2 were positively 
associated (r = 0.70), only the albumin concentration was used as a covariate for Vss. 




Figure 8. Scatter plots of the individual Bayesian estimates of clearance vs. age and of volume of 
distribution at steady-state vs. albumin concentration. Each data point represents one patient. In four 
patients, no albumin concentrations were available. Multiple albumin concentration measurements 
within one subject were averaged. The solid black line was obtained by linear regression analysis, R2 is the 
corresponding regression coefficient. 











with the albumin concentration measured in g/l. The parameter estimates for this final 
model are summarized in Table 12, and the measured concentrations vs. the individual 
and population predictions are depicted in Figure 9. For the average patient of this 
study, the half-lives of dexmedetomidine (95 % CI) were t1/2α = 2.0 (1.2–2.8) min, and 
t1/2β = 122 (86–192) min. Comparing the final model with the simple two-compartment 
model without any covariates, the median prediction error (MDPE) decreased from -
5.9 % to -3.7 %, and the median absolute prediction error (MDAPE) decreased from 
33.5 % to 21.7 %. 
Table 12. Results of the population pharmacokinetic modelling. 





95 % CI 
Population parameters   
θ1= Ĉl (l/h) 57.0 5.5 57.4 (42.1, 65.6) 
θ2= Q̂ (l/h) 183 13 191 (157, 212) 
θ3= V̂1  (l) 12.3 1.7 12.0 (7.6, 17.0) 
θ4= V̂ss  (l) 132 20 128 (96, 189) 
Covariate effects    
θ5 (cardiac output on Cl) 1.24 0.38 1.15 (0.34, 1.90) 
θ6 (age on Cl) -0.78 0.24 -0.73 (-1.26, -0.18) 
θ7 (albumin on Vss) -0.51 0.02 -0.51 (-0.72, -0.07) 
Inter-individual variability   
Cl (%) 33.5 5.8 32.0 (21.7, 44.9) 
Q (%) 25.1 5.2 23.9 (0.3, 35.5) 
V1 (%) 53.4 11.4 51.6 (30.2, 80.5) 
Vss (%) 65.0 9.8 60.7 (44.3, 80.9) 
Residual variability    
Additive (ng/ml) 0.017 0.003 0.017 (0.001, 0.025) 
Proportional (%) 16.0 1.6 15.9 (12.9, 18.5) 
95 % CI, 95 % confidence interval; Cl, total body clearance; Q, inter-compartmental clearance; V1, central 






























Figure 9. Measured dexmedetomidine concentrations vs. the individual Bayesian predictions (left) and the 
population predictions (right), as obtained with the final pharmacokinetic model. The solid black line is 
the line of identity (measured = predicted). 
 
5.2.2.2 Simulations 
The pharmacokinetic parameters and the context-sensitive half-time for fictive subjects 
of different ages and having different albumin concentrations were simulated to 
illustrate covariate effects. The elimination half-life and the context-sensitive half-life 
of dexmedetomidine were increased in elderly patients and also in patients with a low 
albumin concentration (Table 13 and Figure 10).  
Simulations of the context-sensitive half-times for a typical subject calculated with the 
final pharmacokinetic model of this study and with pharmacokinetic models from the 
literature yielded similar results for the different models, with the exception of the 
model by Dyck (Dyck et al. 1993a), which predicted a much longer context-sensitive 
half-time (Figure 10). 
 











average age; average albumin 60 14 57.0 132 122 
younger; average albumin 40 14 71.8 132 102 
elderly; average albumin 80 14 42.2 132 155 
average age; lower albumin 60 10 57.0 151 140 
average age; higher albumin 60 20 57.0 103 94 




Figure 10. Simulations of the time for a 50 % concentration decrement after termination of a continuous 
drug infusion (context-sensitive half-time) for fictive subjects having A) different age and an equal plasma 
albumin concentration of 14 g/l, B) different albumin concentration and an equal age of 60 years (see 
Table 13), and C) for a typical subject of this study (age 60 years, albumin concentration 14 g/l, height 
174 cm) using the pharmacokinetic models of Study IV and the studies by Lin (Lin et al. 2011), Dyck (Dyck 
et al. 1993a), Talke (Talke et al. 1997) and Venn (Venn et al. 2002). 
 
5.2.3 Effect of renal replacement therapy 
In Studies III and IV, altogether four patients received renal replacement therapy with 
haemodialysis or haemodiafiltration. Based on simultaneously measured drug 
concentrations in the afferent and efferent limbs of the filter circuit (n=1, Table 14) and 
population pharmacokinetic modelling (n=3), there was no evidence that 
dexmedetomidine was extracted from plasma by renal replacement therapy. 
Table 14. Dexmedetomidine concentrations and haemodiafiltration clearance. 






2 1.21 0.78 36.25 
4 1.43 1.28 10.70 
6 1.56 1.70 -9.15 
8 1.67 1.64 1.83 
Ap, dexmedetomidine concentration in arterial plasma entering the dialyser; Vp, dexmedetomidine 




5.3 H-3 metabolite pharmacokinetics in intensive care patients 
In Study III, the geometric mean value for t½ of H-3 during the elimination phase was 
9.1 h (CV 37.0%, n = 10). The geometric mean ratio of AUC0-∞ of H-3 metabolite to 
that of dexmedetomidine was 1.47 (105 %) ranging from 0.29 to 4.4. The ratio was not 
statistically significantly related to the total dose of dexmedetomidine (p = 0.528) or 
the duration of the infusion (p = 0.872). 
 
5.4 Pharmacological effects of dexmedetomidine 
5.4.1 Sedative effect in healthy volunteers 
Subjective sedative effects of dexmedetomidine (drug effect, performance and 
drowsiness) and BIS results are shown in Figure 11. After intravenous administration 
of dexmedetomidine, drug effects became apparent sooner compared to intranasal 
application: AUEC0–30 min values of subjective effects, BIS and the Maddox wing test 
were significantly (p < 0.05) different after intranasal and intravenous administration 
but there were no differences in the AUEC0-3 h values.  
 
Figure 11. Results (median (range)) of recordings of subjective effects (drug effect, performance, 
drowsiness) from visual analog scales (VAS) and Bispectral Index after administration of 84 μg of 





5.4.2 Sedative effect in intensive care patients 
In Study III, altogether 88 RASS values 
were recorded in the 13 patients. In four 
of the 88 recordings (4.5 %), under-
sedation was discovered, when the 
patients were treated according to the 
protocol (dexmedetomidine infusion 
enhanced with propofol infusion or 
boluses). All but one patient (12/13) 
needed at least one bolus dose of propofol 
to keep the RASS value in the target zone, 
and the median amount of propofol was 
1869 mg/day (range 79-8505). The 
numbers of patients over-sedated, on 
target and under-sedated during the study 
are shown in Figure 12. 
5.4.3 Haemodynamic effects in healthy volunteers 
In Study I, heart rate and systolic and diastolic blood pressure were monitored until 10 
hours to assess the effects of dexmedetomidine. Based on the values for the area under 
the response-time curve (AUEC), heart rate was significantly (p = 0.046) lower during 
the initial 0-30 min period after intravenous than intranasal administration, but there 
was no statistically significant difference over the 0-10 hour period (Figure 13). 
Systolic and diastolic blood pressures were similar regardless of the administration 
route and no statistically significant differences between the treatments were noted 
(Figure 14). 
 
Figure 13. Heart rate (median (range)) after administration of 84 μg of dexmedetomidine intravenously 
(closed circles) or intranasally (open circles) to six healthy male volunteers. 
 
Figure 12. Success in reaching the target Richmond
Agitation-Sedation Scale in 13 intensive care
patients receiving dexmedetomidine enhanced
with propofol as rescue medication. 
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Figure 14. Blood pressure (median (range)) after administration of 84 μg of dexmedetomidine 
intravenously (closed circles) or intranasally (open circles) to six healthy male volunteers. SAP, systolic 
arterial pressure; DAP, diastolic arterial pressure. 
 
5.4.4 Haemodynamic effects in intensive care patients 
During the first 24 h of dexmedetomidine infusion, the average heart rate decreased, 
whereas the mean systolic and diastolic blood pressure remained constant throughout 
the study (Figure 15). The maximum decrease and increase of heart rate in an 
individual patient (mean (SD)) was 32(16) % and 37(43) %, respectively. The 
maximum decreases and increases of systolic blood pressure in an individual patient 
were 29(11) % and 41(21) %, respectively. The maximum decreases and increases of 
diastolic blood pressure in an individual patient were 28(11) % and 39(19) %, 
respectively. 
Figure 15. Time courses of heart rate, and of systolic and diastolic blood pressure during 




5.4.5  Sympatholytic effects in healthy volunteers 
There were no differences in plasma adrenaline concentrations between intravenous or 
intranasal administration routes as judged from values for AUC0-30 min and AUC0–3 h. 
Plasma noradrenaline AUC0–30 min was significantly lower (p = 0.028) after intravenous 
administration than after intranasal administration, but the values for AUC0–3 h did not 
differ (Figure 16). 
Figure 16. Adrenaline and noradrenaline concentrations in plasma (median (range)) after administration 




5.4.6 Gastrointestinal effects in healthy volunteers 
Median concentrations of paracetamol in 
plasma during the three phases of the 
study are shown in Figure 17. Individual 
times to reach the maximum concen-
tration of paracetamol in plasma, maximal 
concentration values, areas under the 
plasma paracetamol concentration-time 
curves (AUC0–90 min) and oro-caecal transit 
times are depicted in Figure 18. 
The time to reach the maximum 
concentration of paracetamol in plasma 
was significantly longer, the maximal 
observed paracetamol concentrations were 
significantly lower, the values of AUC0–90 
min were significantly smaller, and the oro-
caecal transit times were significantly 
longer during the dexmedetomidine 
Figure 17. Plasma concentrations of paracetamol
(median (range)) in 12 healthy male volunteers
after ingestion of 1 g of paracetamol and 10 g of
lactulose following intravenous infusions of
placebo (closed circles), dexmedetomidine (closed
squares) and morphine (open circles). 
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infusion than during the morphine and placebo phases (Table 15). No statistically 
significant differences were observed in these parameters between the placebo and 
morphine phases. 
Figure 18. Individual values for the time to peak plasma paracetamol concentration (tmax), the peak 
plasma paracetamol concentration (Cmax), the area under the paracetamol plasma concentration-time 
curve from 0 to 90 min (AUC) and the oro-caecal transit time measured by the hydrogen breath test in 12 
healthy male volunteers after ingestion of 1 g of paracetamol and 10 g of lactulose following intravenous 
infusions of placebo, dexmedetomidine and morphine. Dex, dexmedetomidine. 
 
Table 15. Effects of intravenous dexmedetomidine and morphine on the 
gastrointestinal absorption of 1 g of oral paracetamol and oro-caecal transit time.  
Variable Placebo Dexmedetomidine Morphine 
tmax (min) 60 (30-120)*** 240 (135-240) 80 (30-210)** 
Cmax (mg/l) 15.2 (7.6-21.0)*** 4.3 (2.0-15.0) 11.1 (8.2-17.5)* 
AUC0-90 min (min mg/l) 545 (195-1022)*** 29 (15-215) 325 (34-887)* 
Transit time (min) 90 (30-180)*** 383 (285-420) 203 (105-285) * 
*Significantly (p < 0.05) different from dexmedetomidine; **Significantly (p < 0.01) different from 




5.5 Concomitant treatments 
There were no concomitant treatments in Studies I and II. Concomitant treatments 
were analysed in Studies III and Study V. In Study III, the most commonly used 
treatments during dexmedetomidine infusion were short-acting insulin (13/13), 
oxycodone (13/13), noradrenaline (13/13), rescue propofol (12/13), enoxaparin 
(12/13), esomeprazole (12/13) and beta-lactam antibacterials (11/13). None of the 
drugs used are known to be strong inhibitors or inducers of the enzymes relevant in the 
pharmacokinetics of dexmedetomidine. 
 
5.6 Safety of dexmedetomidine administration 
5.6.1 Systemic effects of dexmedetomidine in healthy volunteers 
No adverse effects were detected, and no concomitant treatment was needed. 
5.6.2 Local tolerability of intranasal dexmedetomidine 
There were no visual signs of local mucosal irritation, inflammation, bleeding or 
ulceration of the nasal mucosa after intranasal administration of dexmedetomidine. In 
addition, no subjective adverse events were reported. 
5.6.3 Prolonged administration of high-dose dexmedetomidine in critically ill 
patients 
A total of 53 adverse events were reported in 12 subjects after the start of the study 
treatment in Study III. The most common adverse events were tachycardia (9 events), 
hypotension (5 events) and hypertension (4 events). Four of the adverse events were 
assessed as being related to the study treatment, namely three episodes of bradycardia 
and one episode of first degree atrioventricular block. These four adverse events were 
all resolved, the bradycardias requiring dexmedetomidine dose reduction, and, in two 
cases, administration of atropine and glycopyrrolate. Most of the adverse events were 
recorded in the highest dose range of 1.4 - 2.5 μg/kg/h, but there was no clear 
correlation between the onset of the adverse events and the dexmedetomidine 
concentration in plasma. 
Twenty of the 53 adverse events, reported in 7 of the 13 subjects, were classified as 
serious. Five of the serious adverse events resulted in death, with three of the deaths 
occurring during the study drug infusion period and leading to withdrawal from the 
study treatment. The causes of the deaths were chronic pulmonary disease (n=2), 





6.1 Intranasal pharmacokinetics of dexmedetomidine in healthy volunteers 
Bioavailability of orally and buccally administered dexmedetomidine has been 
described previously (Anttila et al. 2003), but the bioavailability after intranasal 
administration has remained unknown. However, intranasal dexmedetomidine has been 
used successfully as premedication in children (Yuen et al. 2008, Yuen et al. 2010) and 
for sedation in dental surgery (Cheung et al. 2011). 
The average bioavailability of dexmedetomidine after intranasal administration was 
good (65 %) but the interindividual variation was large (35-93 %). This observation 
attests to the need to develop an improved drug delivery system compared to the one 
used in the current study. 
The volume, formulation and site of spray application may be of crucial importance 
when any drug is administered intranasally. Indeed, intranasal application failed in one 
subject, even though the use of the applicator had been practised. In real life, 
administration of an intranasal spray may be even more difficult to accomplish than in 
experimental settings, particularly in children. Therefore, development of an optimized 
formulation and nasal delivery system is obviously required for this route to be 
clinically applicable. However, it likely makes no great difference if part of the 
dexmedetomidine dose ends up in the pharynx and mouth, because dexmedetomidine 
is also readily absorbed from the oral mucosa (Anttila et al. 2003). Still, if the 
administered volume is too large, part of the drug may be swallowed, causing reduced 
bioavailability and diminished efficacy because of first-pass metabolism in the liver. 
 
6.2 Dexmedetomidine pharmacokinetics in intensive care patients 
6.2.1 Noncompartmental analysis 
The pharmacokinetics of dexmedetomidine has mostly been studied in healthy subjects 
(Dyck et al. 1993b, Karol and Maze 2000, Anttila et al. 2003). There is one former 
study on the pharmacokinetics of dexmedetomidine during intensive care in 
postoperative coronary artery bypass patients, but the drug dose in that study was 
restrained to a maximum of 0.7 μg/kg/h and the mean duration of dexmedetomidine 
administration was only 10 h (range, 6 to 16 hours) (Venn et al. 2002). In the current 
study, the elimination half-life of dexmedetomidine after long infusions was 
comparable but still a little longer than reported previously for shorter 
dexmedetomidine infusions or in healthier patients or healthy volunteers (Karol and 
Maze 2000, Venn et al. 2002, Anttila et al. 2003). Nevertheless, the values for 
dexmedetomidine clearance and volume of distribution were in line with previous 
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reports. The slower elimination of dexmedetomidine as described by means of the 
elimination half-life may be attributable to the severe illness of our patients. 
6.2.1.1 Variability of clearance at steady state 
Clearance at steady state could be calculated in 116 cases during the dexmedetomidine 
infusions. The infusion rate was statistically significantly related to clearance at steady 
state in multivariate analysis, suggesting that dexmedetomidine exhibits non-linear 
pharmacokinetics. However, this is unlikely and contrasts with the aforementioned 
results. Instead, the increasing effect of infusion rate on dexmedetomidine clearance at 
steady state may be related to the patient’s recovery: a severely ill patient with reduced 
hepatic blood flow likely requires only low doses of sedative agents, and when the 
patient is getting better with a simultaneous increase of hepatic blood flow and 
resulting improvement of dexmedetomidine clearance, he/she needs more sedatives, 
thus giving the erroneous impression of a relationship between dexmedetomidine 
clearance and the dose. Indeed, the calculated dexmedetomidine clearance was 
increased by 60% in a few days despite a constant infusion rate in the patient presented 
in Study V. 
6.2.1.2 Linearity 
The pharmacokinetics of dexmedetomidine appeared to be linear at least up to the dose 
of 2.5 μg/kg/h, as there was a strong linear relationship between the area under the 
dexmedetomidine concentration-time curve and the cumulative dexmedetomidine dose. 
This relationship means that when the dose of dexmedetomidine is increased, its 
plasma concentration increases in a linear fashion, with consequent potential 
pharmacological effects (Brocks and Mehvar 2010). 
As dexmedetomidine decreases cardiac output and as hepatic blood flow primarily 
governs its elimination clearance (Dutta et al. 2000), it can be speculated whether the 
pharmacokinetics of dexmedetomidine at some point becomes non-linear, if the drug is 
administered in high enough doses. Indeed, dexmedetomidine concentrations (Figure 
4) increased unexpectedly in one patient during the 24 hours prior to her death from 3.4 
to 9.9 ng/ml with no signs of hepatic failure. She was afflicted with paralytic ileus and 
critical septic shock, and her cardiac index was only 0.4 to 1.3 l/min/m2 during her last 
24 hours. A post-mortem examination revealed that acute myocardial infarction with a 
ruptured myocardium and haemopericardium was the direct cause of her death. In the 
current case, it can be deduced that dexmedetomidine concentrations increased 
unexpectedly because of reduced hepatic blood flow. Thus, severely reduced liver 
blood flow, like in this case, may result in exceptionally high dexmedetomidine plasma 
concentrations. 
6.2.2 Multicompartmental analysis 
Dexmedetomidine concentrations in Study IV were described by a two-compartment 
model with significant covariate effects mainly affecting the elimination clearance and 
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the volume of distribution at steady state. Due to practical reasons, the last blood 
samples were obtained from the patients only a few hours after or occasionally even 
shortly prior to interrupting the dexmedetomidine infusion. This limitation may explain 
why a three-compartment model was not superior to the two-compartment model. 
However, dexmedetomidine pharmacokinetics could be adequately described by a two-
compartment model in a previous study where the last sample was taken even 24 hours 
after discontinuation of the drug infusion (Venn et al. 2002). In that study, the authors 
reported a mean elimination clearance rate of 49.2 l/h, a distribution clearance rate of 
135 l/h, a volume of distribution of 149 l and an elimination half-life of 3 h, which are 
similar to those observed in the current study. The values of the pharmacokinetic 
variables in the present study are quite close to the estimates reported previously in 
female surgical patients undergoing transphenoidal pituitary hypophysectomy (Talke et 
al. 1997). For the central volume of distribution, the mean value of 12.3 l observed in 
the current study is within the wide range from 8.0 l (Dyck et al. 1993a) up to 63.4 l 
(Lin et al. 2011) reported in previous studies. With the exception of one study (Dyck et 
al. 1993a), the context-sensitive half-times predicted by the models from different 
studies were fairly similar despite the wide range in certain parameters (Figure 10). 
The clearly longer context-sensitive half-time of the model of Dyck was for the most 
part caused by the small elimination clearance of 27.0 l/h. Nevertheless, the study 
design (length of post-infusion sampling time and time resolution of sampling) has a 
strong impact on the pharmacokinetic results. The context-sensitive half-time attained 
with a three-compartment model in Chinese patients (Lin et al. 2011) was almost 
identical to the current results. 
6.2.3 Patient factors affecting dexmedetomidine pharmacokinetics 
Previous population pharmacokinetic studies suggest that age, sex, body weight, lean 
body mass and body surface area do not affect dexmedetomidine pharmacokinetics. A 
small effect of height on dexmedetomidine clearance has been reported previously 
(Dyck et al. 1993a), but a clear increase of dexmedetomidine clearance with height 
was described in a recent study (Lin et al. 2011). The influence of height was described 
by a power model: Cl = 0.47(height/160 cm)6.42, meaning that dexmedetomidine 
clearance would increase by more than 100% as the height of a patient increases from 
160 cm to 180 cm. Unfortunately, no standard error or confidence interval was 
provided for the large exponent, making it difficult to judge the reliability of the model. 
However, the large effect of height may partly be explained by ethnic differences, as 
the study of Lin was conducted in Chinese subjects. 
Evaluation of the patient factors affecting the pharmacokinetics of dexmedetomidine 
was performed using two different approaches. In Study III, the relationship of baseline 
patient factors and noncompartmental pharmacokinetic parameters was analysed. 
These patient factors included gender, age, SAPS II score at screening, and heart rate, 
blood pressure, creatinine and creatinine clearance at baseline. In Study IV, a 
population pharmacokinetic approach was used, and age, sex, body mass, height, body 
mass index, lean body mass, cardiac output, plasma bilirubin and albumin 
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concentrations, PaO2/FiO2 (an oxygenation index), renal replacement therapy and renal 
function were used as covariates. In the noncompartmental analysis, the mean 
dexmedetomidine clearance was significantly higher and the mean elimination half-life 
significantly shorter in subjects with a baseline SAPS II score less than 42 as compared 
to subjects with baseline SAPS II scores > 42, and a linear correlation between 
dexmedetomidine clearance and baseline creatinine clearance was observed. In the 
population pharmacokinetic analysis, dexmedetomidine clearance decreased with 
decreasing cardiac output and with increasing age, whereas its volume of distribution 
at steady state was increased in patients with a low plasma albumin concentration. To 
summarize the results of the two different approaches, SAPS II score, creatinine 
clearance, cardiac output and age had an effect on dexmedetomidine clearance, SAPS 
II score had an effect on elimination half-life, and plasma albumin concentration had 
an effect on the volume of distribution at steady state. 
As the SAPS II score is calculated by using, among other factors, information on the 
patient’s chronic diseases, level of consciousness, age, systolic blood pressure, heart 
rate, temperature, PaO2/FiO2, urine output, serum urea, white blood cell count and 
plasma bilirubin level (Le Gall et al. 1993), it can be considered as an indicator of the 
general condition of the patient. Because of its unspecificity, it is difficult to evaluate 
its value and clinical significance. Additionally, all of the factors – or variables closely 
related to them – except plasma albumin concentration that were found to be associated 
with dexmedetomidine pharmacokinetics in the current studies are used in calculating 
the SAPS II score. Thus, it is not justified to conclude that the SAPS II score was an 
independent factor affecting the pharmacokinetics of dexmedetomidine. 
In the population pharmacokinetic analysis, age and cardiac output were associated 
with dexmedetomidine clearance. An effect of cardiac output has been observed 
previously (Dutta et al. 2000), but association with age is a novel observation, even 
though at close inspection of the data of Venn (Venn et al. 2002), one may see 
dexmedetomidine clearance decreasing from 72.3 l/h in the youngest subject aged 35 
years to 37.7 l/h in the oldest subject of 80 years, with a negative correlation (r = -0.71, 
p = 0.02) between age and clearance. 
As renal function itself does not affect the pharmacokinetics of dexmedetomidine (De 
Wolf et al. 2001), it is hard to explain why creatinine clearance had an effect on the 
pharmacokinetics of dexmedetomidine in the traditional analysis. Interestingly, renal 
impairment, as assessed by the glomerular filtration rate, slightly affected 
dexmedetomidine clearance in the population pharmacokinetic analysis also. However, 
glomerular filtration rate was not included in the model, as drug clearance decreased 
with age and glomerular filtration rate was estimated by using a formula that includes 
age. Thus, one cannot clearly distinguish between the effect of age and the effect of 
renal impairment in this analysis. However, considering the results of the study by De 
Wolf (De Wolf et al. 2001), it is reasonable to think that renal function is related to the 
general condition of the patient, thus being a surrogate variable like the SAPS II score 
in this context. 
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In the population pharmacokinetic model, a low plasma albumin concentration 
increased the volume of distribution at steady state. As dexmedetomidine is rather 
highly (94%) bound to plasma proteins (Karol and Maze 2000) and a decreased 
albumin concentration may result in a higher proportion of unbound dexmedetomidine 
in blood, the drug’s volume of distribution may consequently be increased. However, 
dexmedetomidine clearance was not associated with the plasma albumin concentration, 
which may be explained by dexmedetomidine being a high-extraction drug, the 
clearance of which is mainly determined by liver blood flow but less by protein 
binding (Dutta et al. 2000). Unfortunately, a low plasma albumin concentration may 
also be an indicator of the patient’s poor general condition, like the SAPS II score. 
The plasma bilirubin level was used as an indicator of hepatic function. Surprisingly, 
there was no relationship between dexmedetomidine clearance and the plasma bilirubin 
concentration, even though dexmedetomidine is mainly metabolized by the liver. The 
most likely explanation for this is that the plasma bilirubin concentration is an 
insensitive indicator of hepatic function. Additionally, for a high-extraction drug such 
as dexmedetomidine, hepatic clearance is for the most part determined by liver blood 
flow and less by intrinsic liver function. Furthermore, there were no patients with 
severely impaired hepatic function in the current series of studies. 
6.2.4 Clinical relevance of the covariate effects 
The clinical relevance of the covariate effects found in the population pharmacokinetic 
analysis was assessed by simulations. It was found that in elderly patients and in 
patients with hypoalbuminaemia, the terminal half-life and context-sensitive half-time 
of dexmedetomidine were increased, which may lead to prolonged sedation. The 
elimination clearance is the most important parameter for long-term drug dosing, as the 
infusion rate at steady state is determined by Iss = Ctarget Cl, where Ctarget is the targeted 
plasma concentration. Dexmedetomidine clearance was about 25% smaller in an 80 
year-old patient than in a 60 year-old patient. Therefore, the steady-state infusion rate 
for an elderly patient has to be reduced to gain equal dexmedetomidine plasma 
concentrations. Consequently, the possibility of potentially altered potency and 
duration of drug effects has to be taken into account when administering 
dexmedetomidine to elderly patients or to patients with significant hypoalbuminaemia. 
6.2.5 Effect of renal replacement therapy 
The possible effect of renal replacement therapy on the pharmacokinetics of 
dexmedetomidine has so far remained unknown. In the current study, four intensive 
care patients received renal replacement therapy with haemodialysis or 
haemodiafiltration, but there was no evidence that dexmedetomidine was extracted 
from plasma by these modes of renal replacement therapy. However, these sporadic 




6.3 H-3 metabolite pharmacokinetics 
The geometric mean value of the elimination half-life of the H-3 metabolite of 
dexmedetomidine was 9.1 h. This is clearly longer than that of the parent drug, and the 
geometric mean ratio of AUC0-∞ of the H-3 metabolite to that of dexmedetomidine was 
1.47. Nevertheless, the affinity of the H-3 metabolite for α2-adrenoceptors is less than 
0.5 % that of dexmedetomidine (data on file, Orion Pharma) and therefore this 
phenomenon probably has no clinical implications. The ratio of AUC0-∞ of the H-3 
metabolite to that of dexmedetomidine ranged from 0.29 to 4.4. This probably means 
that there is large interindividual variation in the activity of the different pathways of 
dexmedetomidine metabolism. 
 
6.4 Pharmacological effects of dexmedetomidine 
6.4.1 Sedative effect in healthy volunteers  
Intranasally administered dexmedetomidine had similar sedative effects to those of 
intravenously administered dexmedetomidine, as assessed by the areas under the 
effect-time curves, but – as expected – the onset of the effect was delayed after 
intranasal dosing. The onset of the sedative effect of intranasally administered 
dexmedetomidine was at 30 - 45 min after administration, which is in concordance 
with the observed Cmax of intranasal dexmedetomidine and preceding experience in 
paediatric patients (Yuen et al. 2010) and adult healthy volunteers (Yuen et al. 2007). 
If intranasally administered dexmedetomidine is used for premedication, it should 
optimally be administered 45-60 min before the start of the procedure. 
6.4.2 Sedative effect in intensive care patients  
In Study III, intensive care patients were given dexmedetomidine to attain a predefined 
level of sedation, mostly RASS 0 to -3. Significantly higher dexmedetomidine doses 
were given in the current study compared to those recommended in the summary 
information provided by the manufacturer at the time of the study. In eight of the 13 
patients, the maximum rate of infusion was 2.5 μg/kg/h, and approximately 70% of the 
entire study duration was spent at the dose range of 1.4 – 2.5 μg/kg/h. Practically all 
patients received additional propofol (dose range 79-8505 mg/day) to achieve an 
adequate level of sedation. However, for two of the three patients receiving the highest 
doses of supplementary propofol, the RASS goal was changed to -4 for most of the 
study duration, denoting that they demanded deeper sedation because of their clinical 
state. The high propofol demand in these patients is in line with previous studies that 
have suggested that dexmedetomidine alone may not be sufficient in patients needing 
deep sedation (Ruokonen et al. 2009). 
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6.4.3 Haemodynamic effects in healthy volunteers  
As expected, decreases in heart rate and blood pressure were observed after 
dexmedetomidine administration. The haemodynamic effects of intranasally 
administered dexmedetomidine were unexpectedly strong, as there were no differences 
between the administration routes in the haemodynamic outcome, except that a larger 
decrease was seen in heart rate after intravenous administration than after intranasal 
administration during the initial 0-30 min. Therefore, one has to be prepared for 
haemodynamic effects after intranasal administration, too. 
6.4.4 Haemodynamic effects in intensive care patients  
Bradycardia (Riker et al. 2009) and decreased blood pressure (Venn and Grounds 
2001) have been reported in association with dexmedetomidine administration in 
intensive care patients. Additionally, transient hypertension has been reported 
primarily during the loading phase, likely due to high plasma dexmedetomidine 
concentrations and consequent vasoconstriction (Venn et al. 1999, Ebert et al. 2000). 
In the current study, the heart rate decreased after commencing the dexmedetomidine 
infusion, but no changes in average blood pressures were observed in this severely ill 
patient population. As one of the goals in intensive care is to keep haemodynamics 
stable by using different modalities of care, it can not be judged in this observational 
setting with no control phase whether the stability of the patients’ haemodynamics was 
associated with the use of dexmedetomidine or with other interventions.  
6.4.5 Sympatholytic effects in healthy volunteers  
Plasma adrenaline and noradrenaline concentrations were measured to assess the 
sympatholytic effect of dexmedetomidine. The favourable sympatholytic effect of 
dexmedetomidine was achieved also after intranasal administration. As expected, there 
was a difference in plasma noradrenaline AUC0–30 min between the intravenous and 
intranasal administration, reflecting slower onset of drug action after the latter. 
6.4.6 Gastrointestinal effects in healthy volunteers  
The administration of dexmedetomidine had significant inhibitory effects on gastric 
emptying and oro-caecal transit, as paracetamol tmax was increased to approximately 
four-fold, paracetamol AUC0 – 90 min was decreased by 95% and oro-caecal transit time 
was increased to four-fold compared to placebo. This observation was consistent across 
all 12 subjects participating in the study. 
It is considered desirable to commence enteral feeding at an early stage of intensive 
care unit stay, as early enteral feeding has been associated with reduced ICU and 
hospital mortality (Artinian et al. 2006). However, impaired gastrointestinal motility 
often prevents nasogastric feeding and increases the risk of aspiration. Traditionally, 
intensive care patients have been sedated with opioid-benzodiazepine combinations or 
with propofol. In previous studies, low-dose propofol has not inhibited gastric 
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emptying in healthy volunteers (Hammas et al. 1998, Chassard et al. 2002). This 
observation denotes that propofol should be rather safe in this respect, even if also 
propofol slightly lengthens oro-caecal transit time (Hammas et al. 1998). This notion is 
supported by a report that a combination of morphine and midazolam inhibited gastric 
emptying in critically ill patients compared to propofol (Nguyen et al. 2008). 
It was somewhat surprising that dexmedetomidine had such a strong inhibitory effect 
on gastric emptying in the healthy volunteers of the present study, as this finding 
contrasts with previous results regarding the effects of another 2-adrenoceptor 
agonist, clonidine (Asai et al. 1997b, Huilgol et al. 2002). This discrepancy might 
relate to dexmedetomidine being more selective than clonidine towards 2-
adrenoceptors (1: 2 selectivity ratio 1:1600 for medetomidine vs 1:200 for clonidine) 
(Virtanen et al. 1988) or clonidine being a much weaker partial 2-adrenoceptor 
agonist than dexmedetomidine (Peltonen et al. 1998), perhaps contributing to its lesser 
effect on gastric emptying. Interestingly, dexmedetomidine has been reported to have 
either small (Asai et al. 1997a) or no (Inada et al. 2004) effects on gastric emptying in 
rodents. This discrepancy between results concerning humans and rodents may result 
from dissimilarities in dosing or so far unknown inter-species variation in the effects of 
dexmedetomidine. 
This result of the current study is clinically relevant, as the employed dose (0.7 
g/kg/h) is only half of the highest currently recommended dose (1.4 g/kg/h) by the 
manufacturer for intensive care sedation (Orion Corporation 2011a). However, in a 
previous study, there was no difference in gastric emptying between intensive care 
patients sedated with dexmedetomidine or with propofol (Memis et al. 2006), 
indicating that the gastrointestinal effects of the two drugs are similar. As light 
propofol sedation does not inhibit gastric emptying in healthy volunteers (Hammas et 
al. 1998, Chassard et al. 2002), the results of Memis et al. suggest that 
dexmedetomidine should also not inhibit gastric emptying. This discrepancy between 
the results of the current study and those of Memis et al. may perhaps be explained by 
the smaller dexmedetomidine dose used by Memis and co-workers: they gave their 
patients dexmedetomidine only 0.2 g/kg/h after a loading dose of 0.42 g/kg, 
compared to the dose of 0.7 g/kg/h after a loading dose of 1 g/kg used in the current 
study. The inhibitory effect of dexmedetomidine on gastrointestinal motility is likely to 
be dose-dependent.  
Morphine was chosen as a control drug to verify the reliability of the method because 
of its well-known inhibitory gastrointestinal effects. As it is known that a morphine 
dose of 0.05 mg/kg inhibits gastric emptying (Yuan et al. 1998) and gastrointestinal 
transit (Yuan et al. 1997) in healthy volunteers, it was decided to double the morphine 
dose to avoid a false negative result. Surprisingly, there were no statistically significant 
differences in the measured parameters between the placebo and morphine phases of 
the current study. The unexpectedly small gastrointestinal effects of morphine may 
have been caused by morphine being given as a 20-min infusion to avoid high peak 
plasma concentrations, which could have caused typical opioid adverse effects. Even if 
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there were no statistically significant differences between the placebo and morphine 
phases, it does not change the conclusion that dexmedetomidine had inhibitory 
gastrointestinal effects compared to placebo and morphine. 
Gastric emptying and gastrointestinal transit were assessed in the same experimental 
session in order not to unnecessarily expose the healthy volunteers to a large number of 
drug administrations. Therefore, paracetamol and lactulose were administered 
simultaneously. However, lactulose has also been shown to slow gastric emptying 
(Miller et al. 1997), even though it is marketed as a laxative. It is possible that this 
property of lactulose may have masked the effect of morphine on gastric emptying 
compared to placebo, but a definitive explanation for why the gastrointestinal effects of 
morphine did not differ from those of placebo cannot be offered. 
 
6.5 Safety of dexmedetomidine administration 
6.5.1 Healthy volunteers  
As expected, the employed moderate doses of dexmedetomidine did not cause 
haemodymic adverse events in healthy volunteers. More interestingly, the healthy 
volunteers reported no numbness, irritation, bleeding, bad taste or any other subjective 
effects after intranasally or intravenously administered dexmedetomidine. 
Additionally, no visual signs of local mucosal irritation, inflammation, bleeding or 
ulceration of the nasal mucosa were detected by the investigators. These findings 
suggest that the intranasal administration route might be an innocuous way to 
administer dexmedetomidine. However, one has to keep in mind the limited number of 
study subjects. 
6.5.2 Intensive care patients  
Four adverse events were regarded to be related to dexmedetomidine. These included 
three episodes of bradycardia and one incident of 1st degree atrioventricular block. 
Indeed, dexmedetomidine has been shown to have significant effects on cardiac 
conduction in paediatric patients, possibly related to a decrease of sympathetic tone in 
the central nervous system and/or a reflex response to the systemic vasoconstriction 
caused by dexmedetomidine (Hammer et al. 2008). However, these four adverse events 
all resolved after dose reduction and / or concomitant treatment. 
Surprisingly, tachycardia was the most common adverse event with nine episodes 
detected after start of the dexmedetomidine treatment. Nevertheless, tachycardia is 
common in intensive care patients (Annane et al. 2008) and the definitions of 
tachycardia and bradycardia have an effect on their incidence. It is improbable that 
dexmedetomidine per se would induce tachycardia. 
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There were five episodes of hypotension and four episodes of hypertension. Both are 
acknowledged as side-effects of dexmedetomidine (Hospira Inc 2008), but their 
incidence depends on the employed definitions, as discussed above. Additionally, with 
regard to both hypotension and hypertension, as one of the goals in intensive care is to 
keep the patient’s haemodynamics stable by using different modalities of care, the 
information value of this purely observational result is limited. 
There are variable results on the effect of dexmedetomidine dose on the incidence of 
adverse events. According to some studies, higher doses of dexmedetomidine may 
more commonly result in hypotension or bradycardia, but there are also studies 
suggesting the opposite (Jones et al. 2011). In the current study, most of the adverse 
events during the dexmedetomidine treatment were detected at the highest dose level 
(1.4-2.5 μg/kg/h), but there was no clear relationship between the dexmedetomidine 
plasma concentration and the onset of the adverse events. However, it was not 
surprising that most of the adverse events occurred at the highest dose level, because 
most of the study duration was spent at this level. Additionally, most adverse events 
were considered to be related to the underlying critical illness, and none of the serious 
adverse events recorded in this study were considered to be related to 
dexmedetomidine, but were typical of severely ill patients. 
6.6 Ethical considerations 
The Ethics Committee of the Hospital District of Southwest Finland and the Finnish 
National Agency for Medicines approved all study protocols. The studies were 
conducted according to the revised Declaration of Helsinki of the World Medical 
Association and good clinical trial practice guidelines of the International Conference 
on Harmonisation of technical requirements for registration of pharmaceuticals for 
human use. They were also registered in the ClinicalTrials.gov public registry. 
The aims of the studies were considered to be scientifically justified and ethically 
acceptable, and the investigators were aware of the risks and ethical issues related with 
the study procedures. The investigators had no direct financial interests in 
dexmedetomidine or in the outcome of these studies. 
Studies I and II were performed in healthy volunteers. All study subjects were 
appropriately informed of the discomforts and possible risks related to the studies and 
gave their voluntary informed consent after adequate time had elapsed since they 
received the information. Additional information was given if requested. The subjects 
were able to withdraw their consent at any time without loss of health care or other 
benefits. Additionally, no subject candidates belonging to vulnerable groups were 
included in these studies. The financial compensation received by the study subjects 
was in compliance with Finnish regulations and normal practice at the study site. 
Therefore, the financial compensation was not considered to represent undue 
enticement for participation. Taking all these facts into consideration, the recruitment 
in these studies can be regarded to have been performed in an acceptable way. 
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It was expected that the administered doses of dexmedetomidine and morphine would 
not significantly affect respiration and blood oxygen saturation. It was thought to be 
plausible that a marked decrease in heart rate and a small, temporary increase followed 
by a marked decrease in blood pressure would follow dexmedetomidine administration 
(Ebert et al. 2000). However, these effects were considered to be non-symptomatic in 
resting subjects. Thus, it was considered safe to participate in these studies. 
In Study II, the subjects were given a single dose of morphine, a drug with potential for 
addiction. However, opioids including morphine are commonly used in hospitals for 
long periods and at larger doses without problems. Additionally, administration over 
20 minutes reduced the possibility of adverse events and euphoric sensations, and the 
study subjects had filled an abuse questionnaire (Michna et al. 2004) in order to 
exclude persons susceptible to opioid addiction. Finally, a positive urine test result for 
drugs of abuse would have revealed persons already using opioids, benzodiazepines or 
other drugs of abuse. Hence, every effort was made to prevent harmful effects of 
opioid administration to the healthy volunteers. 
At least one competent anaesthesiologist was present during the drug administrations 
and continuously monitored the safety of the study subjects. Possible adverse events 
would have been treated according to established acceptable medical practice, and 
study subjects were discharged only after they were fit for safe discharge. Under these 
conditions and other precautions, it was considered that the drug administrations did 
not constitute a health hazard for the subjects. 
The study procedures included invasive procedures, namely cannulations of peripheral 
veins and an artery. All cannulations carry a small risk of bruising and 
thrombophlebitis. More serious complications are very rare (Scheer et al. 2002). A 
total blood volume of less than 300 ml was taken from each study subject during these 
studies. Hence, the risks involved in participating in Study I or II were not considered 
to cause a significant health hazard to the subjects.  
Studies III and IV were performed in critically ill patients. In Study III, intensive care 
patients were considered eligible for the study, if they were prescribed light to 
moderate sedation and dexmedetomidine treatment was expected to be needed for at 
least 24 hours. In Study IV, the study subjects were recruited from an ICU patient 
population for whom the treating physician had prescribed dexmedetomidine infusion 
and it was probable that the length of dexmedetomidine treatment would be more than 
48 hours.  
Due to critical illness and need of sedation, it was not considered possible to obtain 
valid informed consent from the study subject candidates prior to participation in the 
study. Therefore, informed consent for the subject candidate to be included in the study 
was sought from the candidate’s legal representative. They were provided with full and 
adequate verbal and written information regarding the objectives, procedures and 
possible risks and benefits of the study. The representatives’ questions were answered 
and they were allowed sufficient time to make up their mind concerning the patient’s 
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participation in the study. The representatives were also informed about the patient’s 
right to withdraw from the study at any time without any penalty or loss of benefits to 
which the patient is otherwise entitled and about the possibility of audits and 
inspections of relevant parts of the patient’s records by representatives of local or 
foreign competent authorities. 
Dexmedetomidine administration was in line with the protocol used in everyday care in 
the ICU, and dexmedetomidine was started only to patients needing continuous 
sedation. Rescue treatment could be administered at any time in case of insufficient 
sedation, and the study treatment did not prevent any other modality of care. As the 
study subjects were already in the ICU due to their critical illness, no cannulations or 
other procedures were performed because of the study. Since dexmedetomidine does 
not appear to depress respiration, it was considered that participation does not delay 
weaning from assisted ventilation. Thus, participation in the studies was not regarded 
to be an additional risk for this high-risk patient population. 
Side effects of dexmedetomidine include bradycardia, hypotension, hypertension and 
atrioventricular block. However, as they are likely to be concentration-dependent and 
usually respond to dose reduction, they were not considered as major risks in the ICU 
setting. Blood samples are drawn regularly from ICU patients, and participation in the 
study only insignificantly increased the amount of blood loss. Hence, it was considered 
that the possible adverse events and blood sampling did not constitute significant 
additional health hazards to the subjects.  
 
6.7 Limitations of the studies 
The range of the individual dexmedetomidine nasal bioavailability estimates was wide 
(35-93 %). This may be related to inaccuracies in intranasal administration of 
dexmedetomidine, since the absolute dose of intranasally administered 
dexmedetomidine remains uncertain even though administration had been practiced 
and the commercial application system used was specifically designed for nasal spray 
administration. No formal validation of the application system was performed, apart 
from verification of the dispensed volume by weighing. However, it is possible that the 
intranasally applied drug partly dripped from the nasal cavity into the pharynx and was 
swallowed, although the volume of the administered solution was small (0.1 ml per 
nostril) and the spraying was synchronized with the inspirium to maximize the spread 
of the aerosol within the nasal cavity. 
The gastrointestinal effects of dexmedetomidine were studied in healthy volunteers. 
Therefore, the results cannot be directly extrapolated to critically ill intensive care 
patients. Surprisingly, there was only a tendency for impaired gastric emptying and 
gastrointestinal transit after morphine administration, but the differences compared to 
placebo were not statistically significant, challenging the validity of the study. In 
retrospect, the dose of morphine was obviously too small, although on the basis of 
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previous studies, the employed intravenous dose of morphine should have had 
prominent gastrointestinal effects (Yuan et al. 1997, Yuan et al. 1998). However, this 
deficiency does not change the conclusion that dexmedetomidine inhibited gastric 
emptying and gastrointestinal transit compared to placebo and morphine. 
Many of the intensive care patients developed various circulatory problems during the 
study, which may have affected the pharmacokinetics of dexmedetomidine via possible 
reductions in hepatic blood flow. 
In the population pharmacokinetic analysis, the short post-infusion sampling period did 
not allow the use of a three-compartment model, which may generally be better to 
characterize the pharmacokinetics of dexmedetomidine. Additionally, the covariates 
were partly inter-correlated and unspecific, so that one cannot say which physiological 
mechanisms relate to each of the covariate effects. Hence, the sum of these covariate 
effects may be regarded as a descriptor of the general condition of the patient. 
Although the median prediction error was reduced from -5.9% to -3.7% by including 
covariate effects, the remaining residual bias for the final population model suggests 
that some unexplained covariate effects may still have existed. 
All intensive care patients received several concomitant medications during the studies. 
Even though none of the drugs administered are known to be potent inhibitors or 
inducers of the enzymes relevant for the pharmacokinetics of dexmedetomidine, it was 
impossible to systematically evaluate the possible effects of all concomitant treatments 
on the pharmacokinetics or pharmacodynamics of dexmedetomidine. 
The small number of patients included in the studies further limits the generalization of 
the results, and one should not extrapolate the results beyond the ranges of the 
characteristics of the patients and the employed sedation regimens. Especially, the 
results cannot be extrapolated to patients with severe liver failure, because patients 
having severe hepatic impairment were not considered eligible for the studies.  
 
6.8 Clinical aspects 
As intranasally administered dexmedetomidine was efficacious and well tolerated, it 
may be rational to expand the scope of use of the drug and to study the clinical 
usefulness of intranasally administered dexmedetomidine for new indications such as 
premedication, maintenance of the day and night –cycle or management of refractory 
pain in palliative care. 
Dexmedetomidine had significant inhibitory effects on gastric emptying and 
gastrointestinal transit in healthy volunteers. However, the clinical significance of this 
observation is not evident, as intensive care patients receive several concomitant 
treatments with different gastrointestinal effects. However, in case of clinically 
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significantly impaired gastrointestinal motility, it would be reasonable to consider 
discontinuing dexmedetomidine. 
In critically ill patients, the elimination half-life of dexmedetomidine was comparable 
but somewhat longer than reported previously for infusions of shorter duration and in 
healthier patients or volunteers. Both old age and low plasma albumin levels caused 
prolongation of dexmedetomidine’s elimination half-life and context-sensitive half-
time. Furthermore, dexmedetomidine was well tolerated despite the employed high 
doses and prolonged administration. The clinical significance of the prolonged context-
sensitive half-time is not obvious, as dexmedetomidine is dosed to effect and 
dexmedetomidine has few adverse effects that would e.g. lengthen time in the 
ventilator. Probably, the age and albumin levels of the patients have to be taken into 
consideration in extreme cases only. Thus, dexmedetomidine administration in high 
doses and prolonged infusions do not cause major concerns such as in case of 
benzodiazepines or propofol. 
 
6.9 Future research needs 
Intranasal administration of dexmedetomidine is a promising way to provide sedation 
and anxiolysis for certain patient groups like children and patients undergoing dental 
surgery (Yuen et al. 2008, Talon et al. 2009 Cheung et al. 2011). However, the 
interindividual variability in the drug’s bioavailability was quite wide in the current 
study. Even though the therapeutic window of dexmedetomidine is rather broad (Ebert 
et al. 2000), it would be relevant to develop an optimized delivery system for the 
intranasal route to improve the bioavailability and reduce the interindividual 
variability. 
Dexmedetomidine has been proposed to be used in the treatment of delirium at the end 
of life and terminal sedation (Prommer 2010), and in the management of refractory 
pain in palliative care settings (Coyne et al. 2010). Indeed, the intranasal route might 
be a feasible way to administer dexmedetomidine in these patients. Therefore, studies 
concerning intranasally administered dexmedetomidine in the above-mentioned 
indications are highly warranted. 
Lack of enteral feeding has been shown to be associated with degeneration of gut 
structure and function in intensive care patients (Guglielmi et al. 2006), and early 
enteral feeding has been associated with reduced ICU and hospital mortality (Artinian 
et al. 2006). Therefore, enteral nutrition is often commenced at an early stage of the 
ICU stay. However, gastric emptying is often inadequate so that nasogastric feeding is 
not possible and the risk of aspiration of food is increased. Hence, it is important to 
find out factors causing untoward gastrointestinal effects. Even though 
dexmedetomidine showed detrimental effects on gastrointestinal function in the current 
study in healthy volunteers, it would be important to compare the effects of 
dexmedetomidine with those of alternatively used sedatives, such as propofol and 
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midazolam in healthy volunteers and real intensive care patients, as well as to study the 
effects of different drug combinations. 
The SAPS II score, creatinine clearance, cardiac output, age and plasma albumin 
concentration were found to influence the pharmacokinetics of dexmedetomidine. 
Especially, the effects of age and plasma albumin levels should be evaluated in 
hypothesis-based studies to test their clinical relevance. Additionally, as the possible 
effects of renal replacement therapy on the pharmacokinetics of dexmedetomidine still 
remain unknown after the current study, further research designed specifically to assess 
this issue is warranted. 
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7 SUMMARY AND CONCLUSIONS 
1. The average bioavailability of intranasally administered dexmedetomidine was 
good (65%), even if the interindividual variation was wide. Intranasally 
administered dexmedetomidine was efficacious and well tolerated, making it 
appropriate for clinical situations requiring light sedation. According to the current 
experimental results, intranasal dexmedetomidine should be applied 45-60 min 
prior to the desired moment of maximal effect. 
2. Dexmedetomidine significantly inhibited gastric emptying and gastrointestinal 
transit in healthy volunteers, when compared to placebo and morphine.  
3. The elimination half-life of dexmedetomidine after long-lasting infusions was 
comparable but somewhat longer than reported previously for infusions of shorter 
duration and in healthier patients or healthy volunteers. However, the estimates of 
clearance and volume of distribution were similar, even if an individual subject’s 
clearance may vary during intensive care. Dexmedetomidine appears to have linear 
pharmacokinetics up to the studied dose rate of 2.5 µg/kg/h. Despite the employed 
high doses and the prolonged infusions, no new safety findings for 
dexmedetomidine were observed. 
4. On average, the pharmacokinetic properties of dexmedetomidine in severely ill 
intensive care patients were similar to those found in previous studies of much 
shorter duration. Dexmedetomidine clearance was decreased in elderly patients, 
and the volume of distribution was increased in patients with low plasma albumin 
levels. Both old age and low plasma albumin caused prolongation of 
dexmedetomidine’s elimination half-life and context-sensitive half-time. However, 
as dexmedetomidine is dosed to effect, it seems to be safe to administer it also as 
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